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Abstract  

In the present study, modeling of infrared 
radiation for NO and OH diatomic molecules 
involved with the absorption by room air was 
carried out for the use in nonequilibrium 
radiation simulations. The line positions for NO 
and OH were determined by diagonalizing the 
Hamiltonian matrices of each molecule. The 
Einstein coefficients were utilized to calculate 
the temperature-related line intensities. It was 
shown that the computed spectral intensity is in 
good agreement with the measured spectrum. 
Assessment of the effect of room air absorption 
on radiation intensity showed that the radiation 
spectrum is attenuated by the room air 
absorption in the range of 2.4-3.2 m  and 4.9-
5.5 m  . The radiation intensity of the one-
dimensional steady flow through a convergent-
divergent nozzle under thermal nonequilibrium 
condition was also analyzed. Highly intense 
emission in the range of 5.3-5.5 m  , which is 
similar to the results at the same translational 
and rotational temperatures of 200 K, was 
observed. 

1   Introduction  

Up until recently, much effort has been made to 
analyze the nonequilibrium phenomena behind 
the bow shock wave forming in front of the nose 
of hypersonic re-entry vehicles as they cross the 
atmosphere. It was known that radiation peak 
exists in the nonequilibrium region behind the 
shock wave, and the radiative heat transfer in 
the ultraviolet and visible wavelength range is 
the main heat source. In contrast, for the 
ground-based infrared signature detection for 

converging-diverging nozzles, the heat transfer 
and the infrared spectral emission and 
absorption of air are also important, even 
though they are relatively small compared to 
those observed during re-entry. To determine 
the temperature and the concentration for optical 
diagnostics, accurate radiation models are 
required in both equilibrium and nonequilibrium. 
Especially, nitric oxide (NO) plays an important 
role in the chemistry of the nozzle flow, since 
hydroxyl radical (OH) is important in the 
combustion process.  

The spectrum of such gaseous medium was 
obtained mostly by relying on experimental 
tests [1-2]. In addition, some efforts have been 
made for estimating the radiation intensity in the 
visible and ultraviolet wavelength range [3-6]. 
However, relatively less effort has been made in 
the infrared range. Laux et al. [7] performed 
accurate measurements and numerical 
predictions for air plasma in the infrared. 
Packan et al. [8] analyzed the infrared radiation 
of air plasma in a local thermodynamic 
equilibrium through measurements and 
numerical simulations.  

It is known that in the divergent section, the 
nozzle flow shows freezing of the atomic 
recombination process, which represents 
thermally nonequilibrium phenomenon [9]. 
However, the flow-field calculation in the 
convergent-divergent nozzle is frequently 
performed under equilibrium conditions, which 
results in the temperature difference compared 
to those of nonequilibrium conditions. 

In the present study, a numerical 
methodology has been developed such that the 
infrared transition of both NO and OH diatomic 
molecules can be estimated. Then assessment of 
the effect of room air absorption was performed 
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by comparing the results without the absorption. 
The radiation intensity of the flow through a 
convergent-divergent nozzle under a thermal 
nonequilibrium condition is also presented.  

2    Infrared Radiation Model  

2.1   Modeling of NO and OH Molecules with 
Water Absorption 

To estimate the spectral line position and the 
intensity in the infrared region by the transition 
of the two diatomic molecules, an accurate line-
by-line radiation model is required. For this 
purpose, an existing radiation package, the 
Structured Package for Radiation Analysis 2007 
code (SPRADIAN07) [10], was adopted for 
calculating the emission and the absorption of 
the diatomic molecules. The package solves the 
radiative transfer equation: 

 
dI

k I
ds


                              (1) 

 
where I is the spectral intensity, and s is the 

optical path along the line of sight.  and k are 

the emission and absorption coefficients, and 
are also computed by using the line-by-line 
technique. However, the existing code lacks the 
capability of determining the rotational energy 
in the infrared range. To overcome this 
limitation, a new module was implemented such 
that the Hamiltonian matrices for NO and OH 
molecules to determine the rotational energy 
and the line position can be diagonalized. The 
detailed information about the Hamiltonian 
matrix of NO and OH are given in the work by 
Amiot [11] and Stark, Brault and Abrams [12] 
with a correction to the work by Levin, Laux 
and Kruger [5]. According to the Hamiltonian 
matrix, the vibrational quantum numbers of NO 
and OH are up to 22 and 2, and the rotational 
quantum numbers are up to 59.5 and 30.5, 
respectively. The module also enables to 
compute the six main branches and the six 
satellite branches of the transition, vibrational, 
and rotational partition functions [13]. The 
Einstein coefficients of NO obtained from the 

work by Langhoff and Bauschlicher [14] was 
utilized to determine the temperature-related 
line intensities. In the case of OH molecule, it is 
known that the transition probabilities in the IR 
wavelength range exhibit a unique distribution 
because of the very strong dependence on the 
centrifugal distortion of the vibrational 
potentials. Thus, in the present study, the 
Einstein coefficients of OH molecules were 
obtained from the work by Holtzclaw, Person 
and Green [15]. As a result of the infrared 
radiation modeling, the module enables to 
calculate the fundamental ( 1v  ) and first 
overtone ( 2v  ) rovibrational bands of NO 
and the fundamental rovibrational bands of OH.  

To estimate the effect of the absorption by air 
consisted of H2O and CO2, the characteristics of 
both H2O and CO2 should be known. The 
absorption calculations for H2O and CO2 can be 
obtained by utilizing the high-resolution 
database, HITEMP [16], which is an extended 
version of HITRAN [17]. Due to the limitation 
of the calculating partition function, this 
database is applicable up to the temperature of 
3000 K. The attenuation of the emission 
spectrum with water absorption was taken into 
account by adopting Beer’s law. For the 
comparison, the spectral transmittances of both 
water vapor and carbon dioxide were calculated 
under the conditions obtained from the work of 
Packman et al. [8]. In the calculation, the 
following parameters were used: temperature of 
298 K, optical length of six meters, H2O mole 
fraction of 0.013, and CO2 mole fraction of 
0.033.  

In Figs. 1 and 2, the calculated transmittance 
of water vapor and carbon dioxide over the 
spectral ranges between 1.5 m  and 5.5 m  are 
presented, respectively. It was observed in Fig. 
1 that the strong absorption occurs at 2.7 m  
and near 5.5 m . The spectral transmittance of 

CO2 in Fig. 2 reduces to about 0.6 at 2.7 m  , 
and is very close to 0 at 4.3 m .  
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Fig. 1. Spectral Transmittance of H2O with Path Length 
of Six Meter. 
 

 
Fig. 2. Spectral Transmittance of CO2 with Path Length of 
Six Meter. 
 

2.2   Thermal Nonequilibrium in Convergent-
Divergent Nozzle 

It is well known that gas flows expanding 
through a nozzle exhibit thermal nonequilibrium 
phenomena [9]. To consider the thermal 
nonequilibrium properly, estimation of the 
properties of the expanding flow is necessary. 
This can be done by performing space-marching 
calculations of the one-dimensional steady 
flows through the convergent-divergent nozzle 
in the dissociated and ionized regimes. In the 
present study, an equilibrium condition was 
assumed at the entrance of the nozzle, and at the 
downstream from the nozzle throat a multi-
temperature nonequilibrium was assumed. To 

 
Fig. 3. Comparison between Calculated and Measured 
Temperatures along Nozzle in Air under Two-temperature 
Model. 

 

 
Fig. 4. Comparison between the Calculated and Measured 
Mole Fractions along Nozzle in Air. 

 
determine the rate coefficients,  various 
temperatures were used. In particular, the 
vibrational and electron-electronic temperatures 
were calculated by integrating the governing 
rate equations by accounting for the vibration-
to-translation, vibration-to-vibration, vibration-
to-electron thermal, and vibration-to-electronic 
energy transfer mechanisms, and the radiative 
cooling. It was assumed that the heavy-particle 
translational temperature is equal to the 
rotational temperature, and the vibrational 
temperatures of NO, N2 and O2 are different 
from each other. The chemical reactions were 
computed by using a two-temperature model 
proposed by Park [18]. From the calculation of 
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the nozzle flow, various temperatures and mole 
f r a c t i o n s  c a n  b e  d e t e r m i n e d .  

Comparison between the calculated and 
measured temperatures is presented along the 
nozzle in the air in Fig. 3. It is shown that the 
results of the present calculation match well 
with the experimental measurement [19]. The 
figure also shows the freezing of the atomic 
recombination process in the vibrational 
temperature. It was observed that the vibrational 
temperature and the translational temperature 
were 2135 and 200 K at the distance of 1.2 m 
from the throat, respectively. In a same manner, 
the value of the mole fraction of NO was 0.0854 
as shown in Fig. 4.  

3 Results and discussion 

3.1   Infrared Spectrum of NO and OH 
Molecules with Water Absorption 

In the present study, the computed wavelength 
range was set between 2.5 m  and 5.5 m  to 
capture the rovibrational bands of both NO and 
OH molecules. The spectrum over the given 
range was calculated by using the present 
radiation nonequilibrium module. The mole 
fractions of NO and OH are about 0.051 and 
0.0038 at the centerline of the plasma torch. The 
mole fractions of NO and OH were digitized 
from Fig. 3 in Ref. 8. The temperature of 3400 
K was determined under the condition of local 
thermodynamic equilibrium.  

Figure 5 shows the comparison between the 
measured spectrum and the computed spectrum 
with the effect of water vapor absorption at the 
temperature of 3400 K. The calculated spectra 
show the fundamental bands of NO at 5 m , and 
the lines of OH fundamental and of the NO first 
overtone between 2.5 m and 4.15 m . It is 
shown tha t  the  computed  spec t rum i s 
underestimated compared to the measured 
spectrum between 4.2 m  and 4.9 m . This is 
because the effect of carbon dioxide is absent in 
the present study. From Fig. 1, it can be 
deduced that  the radiat ion spectrum is 
attenuated due to the contribution of the water  

 

 
Fig. 5. Comparison between Measured Spectrum and 
Calculated Spectrum with Absorption over Range 2.5-5.5

m . 

 

 
Fig. 6. Calculated Spectra with and without Absorption 
over Range 2.5-3.2 m , Compared to Measured 

Spectrum. 

 

 
Fig. 7. Contributions of NO and OH Molecules with 
Absorption over the Range 2.5-3.2 m . 
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Fig. 8. Calculated Spectra with and without Absorption 
over Range 4.9-5.5 m  Compared to Measured 

Spectrum. 

 
absorption, especially in the range of 2.4-3.2

m  and 4.9-5.5 m . 
To distinguish the effect of water vapor 

absorption on the emission spectra more 
precisely, the synthetic spectra were focused in 
the range of 2.4-3.2 m  and 4.9-5.5 m , as 
shown in Figs. 6-8. It is observed that the 
prediction with the absorption is in good 
agreement with the measured spectrum. 

Figure 6 shows the simulated spectra with 
and without absorption, and the results are 
compared with the measured spectrum. While 
the calculated spectrum without absorption is 
overestimated and shows discrepancy in the 
absolute intensity, the calculated spectrum with 
water absorption is in good agreement and 
matches well with the measured spectrum. 

The contribution of NO and OH molecules 
with water vapor absorption in the range of 2.4-
3.2 m  is presented in Fig. 7. It is shown that 
weak R branches of OH are located at around 
2.5 m , and P branches of OH and the first 
overtone transition of NO are present 2.7 m . 

Comparison was also made between the 
measurement and the computed spectra for NO 
fundamental bands in Fig. 8. It is observed that 
the fundamental transition of NO is positioned 
at 5 m . The rotational quantum number is 
extended to 90.5 to capture the band head of the 
fundamental rovibrational transition, since the 
given rotational quantum numbers are up to 
59.5 in the Hamiltonian matrix for NO molecule. 

 
Fig. 9. Calculated Spectrum in Convergent-Divergent 
Nozzle with Effect of Absorption Under Thermal 
Nonequilibrium Condition. 

 

 
Fig. 10. Simulated Spectrum in Convergent-Divergent 
Nozzle under both Thermal Nonequilibrium Condition 
and Thermal Equilibrium Condition. 

 
Thus, the band heads of (1-0) and (2-1) 
transitions are located at 4.95 and 5.03 m , 
respectively. 

3.2 Thermal Nonequilibrium on Convergent-
Divergent Nozzle  

Next, estimation of the radiation intensity for 
NO molecule in a convergent-divergent nozzle 
under the thermal nonequilibrium condition was 
made. To calculate the spectrum under the 
thermal nonequilibrium, various temperature 
and mole fraction need to be determined. As 
mentioned above, the vibrational and 
translational temperatures obtained from Fig. 3 
are 2135 K and 200 K, since other temperatures 
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were determined by using a two-temperature 
model. The mole fraction of NO is 0.0854. 

Figure 9 shows prediction of the radiation 
intensity in the convergent-divergent nozzle 
under the thermal nonequilibrium condition. 
The results are also compared with those both 
with and without absorption in the range of 2.5-
5.5 m . As shown in the figure, the radiating 
system of NO is clearly presented in the range 
of 2.5-3 m  and 5-5.5 m , which corresponds 
to the first overtone and the fundamental 
rovibrational transition. In addition, the intensity 
is attenuated over the entire range due to the 
absorption. 

For the comparison with those under the 
thermal equilibrium condition, simulations were 
made at temperatures of 2135 K and 200 K in 
Fig. 10. The simulated spectrum at the 
temperature of 200 K is multiplied by 10 to the 
power of six for comparison. 

The results are also compared with those 
under the thermal nonequilibrium without the 
effect of absorption. It is shown that the NO 
fundamental transition under nonequilibrium 
occurs at about 5.1 m  since the NO 
fundamental transition is located near 4.94 m
at the local thermodynamic temperature of 2135 
K. The thermal nonequilibrium simulation 
shows that highly intense emission in the range 
of 5.3-5.5 m , which shows a similar pattern 
with the result at 200 K. In the range of 2.5-3.2

m , the simulation under nonequilibrium 
shows peak points, which correspond to the first 
overtone transition of NO, as well as the 
calculated result at the temperature of 2135 K. 
The equilibrium simulation at 200 K does not 
occur in this region because of lower 
temperature. 

4 Conclusions 

An infrared radiation modeling for NO and OH 
diatomic molecules was made for 
nonequilibrium radiation simulations. To 
validate the numerical radiation model, the 
calculated spectrum at a temperature of 3400 K 
was compared with the measured spectrum in 
the range of 2.5-5.5 m . It was shown that the 
simulated spectral intensity is in good 

agreement with the measured spectrum. It was 
observed that weak R branches of OH are 
present at around 2.5 m , and P branches of OH 
and the fundamental and the first overtone 
transition of NO are located near 5 m  and 2.7

m , respectively. In addition, assessment of 
room air absorption was performed by 
comparing the radiation intensity results without 
the effect of room air absorption. The radiation 
spectrum is attenuated by the absorption in the 
ranges of 2.4-3.2 m  and 4.9-5.5 m . 

The radiation intensity of the one-
dimensional steady flow in a convergent-
divergent nozzle under thermal nonequilibrium 
condition was also analyzed. It was observed 
that highly intense emission in the range of 5.3-
5.5 m  exists, and the pattern is similar to the 
results at same translational and rotational 
temperatures of 200 K. 
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