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This paper presents the simulations of CO2 and CO infrared radiation behind shock waves and in 

expansion flows. JAXA shock- and expansion-tube facilities were operated at conditions generating 

flow velocities ranging from 2.8 to 7.3 km.s-1. Absolute infrared spectra of CO2 and CO were obtained 

under equilibrium and nonequilibrium conditions and used to assess the performances of the spectral 

solvers and physico-chemical models. Specifically, this paper introduces the recent enhancements 

brought to JAXA in-house codes to compute CO2 nonequilibrium infrared radiation. Schemes to split 

the level energy into its pure vibrational, rotational and vibration-rotation coupling, and interactions 

contributions were proposed and implemented. The correctness of the implementation was evaluated 

with comparison with literature data. Infrared radiation behind shock waves and under expansion 

regimes was analyzed with the newly developed model to infer the vibrational and rotational 

temperatures and determine the degree of thermal nonequilibrium.  
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I. Nomenclature 

a,b,c,d = powers of the pseudo-temperature 𝑇̃ 

C = Wang symmetry quantum number 

d = CO2 modal degeneracies, - 

e = level energy, J 

g = level degeneracy, - 

H = effective Hamiltonian 

hp = Planck constant, ℎ𝑝 = 6.62607004 ∙ 10−34 J.s 

J = rotational quantum number 

kB = Boltzmann constant, 𝑘𝐵 = 1.38064852 ∙ 10−23J.K-1 

l2 = magnetic quantum number 

N = state position in the (P,J,C) block 

N = number density, m-3 

n = level population, m-3 

P = polyad quantum number 

Q = partition function, - 

T = temperature, K 

v = vibrational level 

 

Subscripts 

i = CO2 vibrational mode (i=1,2,3) 

R = rotation 

T = translation 

V = vibration 

𝑣1, 𝑣2, 𝑣3 = vibrational quantum number of CO2 vibration modes 

II. Introduction 

pcoming missions to Mars considered by JAXA [1–3] generate strong motivation in designing advanced thermal 

protection systems (TPSs) with low design margins, in an effort to reduce the launching costs and increase the 

scientific value of the mission by embedding larger payloads and to enhance the reliability and safety of the reentry 

systems. The sizing of the TPSs relies on the knowledge of the physico-chemical processes heating the spacecraft on 

its front and back covers using a combined approach based on ground experiments and numerical simulations. For 

entries into CO2-based atmospheres, measurements and simulations (reviewed in [4]) contributed to mitigate the 

uncertainties for the front shell of the TPS. The back shell received little attention since the heating loads, especially 

the radiative heating, were deemed negligible. However, recent numerical studies [1, 5–12] demonstrated that the 

radiative heating encountered by a spacecraft on its back shell was dominated by CO2 infrared (IR) radiation (at 2.3, 

2.7, 4.3 and 15μm) and was of the order of magnitude of the convective heating. These issues triggered experimental 

campaigns to characterize the radiation emitted under expansion conditions, which are deemed to be representative of 

afterbody heating conditions [13, 14]. Flight data were recently made available to the community [15-17] and used to 

assess the performances of the simulation models [18, 19]. Good agreement was obtained between predicted and 

measured radiative heat fluxes. However, this agreement was not conclusive on the accuracy of the kinetic and spectral 

models because of  the lack of spatial or spectral resolution. These issues triggered additional measurement campaigns 

of CO2 and CO IR radiation behind shock waves and during expansion. This paper aims at pursuing the experimental 

campaigns at flight representative conditions to enlarge the radiation database measurements and at upgrading the 

JAXA in-house physico-chemical models and solvers. 

 This paper is organized into three sections. Section III briefly describes the experimental facility, its sensors, flow 

and optical diagnostics used to measure the IR radiation from shocked and expansion flows. Section IV describes the 

computational framework developped to compute the IR radiation and focuses on the upgrades of the code developed 

in [4]. Section V discusses the results and assesses the performances of the solvers by comparing predicted and 

measured IR spectra for shocked and expansion flows. 

U 
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III. Experimental setup 

Experimental characterization of the flow surrounding a spacecraft is carried out in high-enthalpy facilities such 

as shock- and expansion-tubes. These high-enthalpy facilities were commissioned at JAXA Chofu Aerospace Center 

to support research in the aerothermochemistry of hypervelocity flight through Earth’s and other planets’ atmosphere 

(Mars, Venus, Gas Giants), as well as to simulate the high-enthalpy nonequilibrium phenomena encountered by 

spacecraft during atmosphere entry. JAXA facilities can work in shock-tube or expansion-tube modes to characterize 

the vibrational dynamics, kinetics and subsequent radiation from shocked and expansion flows and further characterize 

the radiation transferred to the front and afterbody of the spacecraft. The interested reader is referred to the works [13] 

where the facilities are thoroughly described.    

The following sections briefly reminds the HVET facility outline, its sensors, as well as the flow and spatially and 

spectrally resolved emission spectroscopy diagnostics. 

A. HVET Facility 

The Hypervelocity Shock-tube (HVST) facility is a 16 m free-piston driven shock tube consisting of a reservoir 

tank, a compression tube, a high-pressure tube, a low- pressure tube, a vacuum tank, and a free piston, as depicted in 

Fig. 1. The 70 mm2 cross section in the low-pressure tube is made of aluminum alloy to reduce the radiation emitted 

from impurities. Expansion of the flow is achieved with  the adjunction of an aluminum vacuum chamber. High- and 

low-pressure tubes are evacuated down to 2~10 Pa with a turbomolecular pump and a dry pump before being filled 

with the gases. Two pressure transducers are mounted near the first and second diaphragms to measure the pressure 

evolution. The signal of the pressure transducer is monitored by digital oscilloscopes  

The facility model comprises three sections: the compression tube (usually referred to as the driver tube), the high-

pressure tube (usually referred to as the driven tube), and the low-pressure tube (where the expansion occurs). The 

sections are separated from each other by two diaphragms, D1 and D2.  

 

 

Fig. 1 HVET facility [13] 

B. Flow Diagnostics 

Pitot and static pressures were measured with various sensors. For pitot probe measurements, the pressure sensor 

was mounted in the 25-mm-diam probe inside a 1-mm-diam hole drilled at the tip of the pitot probe. The transducer 

was protected by a steel disk in order to protect it from the impact of the impurities. The static pressures were measured 

with two piezoelectric pressure sensors set at 25 and 125 mm upstream from the exit of the expansion section. The 

rise time of the pressure transducers was lower than 1 μs. The shock velocity was estimated, given the time elapsed 

between these transducer measurements. The uncertainties on the pressures and velocities were estimated with the 

standard deviation of the measured values. 

C. Spatially and spectrally resolved optical diagnostics 

Spatial distribution of IR radiation intensity through a Magnesium Fluoride (MgF2) window was measured by a 

640×512 medium-wavelength IR (MWIR) imager system. The sensors were kept at low temperature with liquid 
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nitrogen. The IR radiation was collected by a silicon planoconvex lens with a focal length of 200 mm. In front of the 

detector, a high-pass filter was added to reduce the emission from water vapor. The timing of the measurement was 

adjusted by a delay generator triggered by the pressure increase. 

IR radiation spectra were obtained by the MWIR imager system set behind a Czerny-Turner asymmetric IR 

spectrometer with a focal length of 480 mm. Under shock-tube mode operation, the IR radiation spectra were collected 

at the position under investigation by an energy optimizer whereas, under expansion-tube mode operation, the IR 

radiation was collected by a light focus system with a sphere mirror. A high-pass filter was set in front of the entrance 

slit to reduce the high-order light. To eliminate the absorption by CO2 and water vapor from ambient air, the IR 

spectrometer and the light focus system were purged with N2 gas. The uncertainties on the radiation measurements 

were estimated of 30% 

Wavelength calibration was accomplished by measuring the spectrum from an Hg source lamp at a high order of 

diffraction and by determining the reference wavelength position. The intensity calibration in the IR spectral range 

was achieved with a blackbody furnace of temperature TB =1673 K.  

D. Test conditions 

To complement the shock-tube experiments performed in [20], an additional campaign was undertaken in HVST 

facility to measure the radiation behind shock waves travelling at speed ranging  from 2 to 7 km.s-1 to fully characterize 

the radiance withstand by the front shield of a Martian spacecraft along various trajectories. The spectra measured in 

the 4.3μm were integrated along the line of sight perpendicularly to the shock-tube axis to yield the integrated radiance 

and compared with literature values from NASA Ames EAST facility [21], as illustrated in Fig. 2. As observed in Fig. 

2, there is a good agreement between the integrated radiance from JAXA HVST and NASA EAST facilities both 

qualitatively and quantitatively. However, discrepancies occur at higher speed, since the radiation measurement from 

HVST are limited to 5.4μm and do not include the radiation from CO IR, as discussed in section V. Table 1 lists the 

operating conditions under consideration in this study.  

Radiation measurements in expansion flows were previously undertaken in [13] to provide insight into the radiative 

heating withstand by the afterbody of a Martian spacecraft. Spectrally and spatially resolved measurement were 

obtained and complemented by Schlieren diagnostics. The interested reader is referred to [13] for further details. 

 

 

 

Fig. 2 Radiance comparison between JAXA HVST and NASA EAST [21] campaigns 

 

Table 1 Operating conditions and thermodynamic state 

Velocity, km.s-1 2.84 2.85 2.89 2.82 2.85 3.42 3.60 3.87 4.77 4.26 5.56 6.77 7.27 

Pressure, Pa 133.3 ± 0.1 
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IV. Nonequilibrium spectral model 

This section describes the computational tools and spectral models used to predict CO2 and CO IR radiation. JAXA 

in-house Structured Package for Radiation Analysis (SPRADIAN) code [22] was upgraded [4] to include the Carbon 

Dioxide Spectroscopic Database (CDSD) [23, 24]. The performances of the solver were evaluated by comparing 

predicted and measured CO2 IR radiation measurements under a comprehensive set of equilibrium conditions obtained 

from transmission cells, plasma torches and shock-tubes. CO radiation was previously included [1]. The purpose of 

the present work is to further upgrade the code to simulate nonequilibrium CO2 IR radiation. The following sections 

derive rovibrational levels’ energies and present the multi-temperature models used for nonequilibrium calculations. 

A. Effective Hamiltonian 

The present work considers the complete expression of the effective Hamiltonian to compute the rovibrational 

energy levels. The Hamiltonian is built using the same parameters, and the rovibrational levels’ energy are obtained 

through its diagonalization. 

Before diagonalization, it is possible to write the Hamiltonian as a sum of matrices, each one corresponding to a 

dynamic mode, coupling or interaction, as written in Eq. 1. 

 

𝐻𝑒𝑓𝑓 = 𝐻𝑣1 + 𝐻𝑣2 +𝐻𝑣3 + 𝐻𝑟𝑜𝑡 + 𝐻 (1) 

 

where 𝐻𝑣𝑖
 corresponds to the i-th vibrational mode contribution, and 𝐻 to the couplings and interactions. The 𝐻𝑣𝑖

 is 

composed of the  terms using only (𝑣𝑖 + 𝑑𝑖/2) in the diagonal terms of the Hamiltonian, as reminded in Eq. 2. [17].  

 

(𝐻𝑣𝑖
)
𝑗,𝑗

= ω𝑖 (𝑣𝑖(𝑗) +
𝑑𝑖
2
) + 𝑥𝑖𝑖 (𝑣𝑖(𝑗) +

𝑑𝑖
2
)
2

+ 𝑦𝑖𝑖𝑖 (𝑣𝑖(𝑗) +
𝑑𝑖
2
)
3

+ 𝑧𝑖𝑖𝑖𝑖 (𝑣𝑖(𝑗) +
𝑑𝑖
2
)
4

 (2) 

 

Denoting P the matrix of the change of basis for the diagonalization, the mode mode energy of the state 𝑘 =
(𝑃, 𝐽, 𝐶, 𝑁) is given by Eq. 3. 

 

𝑒𝑘,𝑚𝑜𝑑𝑒
= (𝑃.𝐻𝑚𝑜𝑑𝑒 . 𝑃

−1)𝑘 (3) 

 

which is the N-th element on the diagonal in the (𝑃, 𝐽, 𝐶) block of the diagonalized Hamiltonian. It is then possible to 

extract the contribution of each component to the rovibrational level’s energy. 

B. Populations 

The population of a level 𝑘 = (𝑃, 𝐽, 𝐶, 𝑁) under thermal nonequilibrium is given by Eq. 4. 

 

𝑛𝑘 =
𝑁𝑔𝑘

𝑄̃
exp (−

𝑒𝑣1
𝑘𝐵𝑇𝑣1

−
𝑒𝑣2
𝑘𝐵𝑇𝑣2

−
𝑒𝑣3
𝑘𝐵𝑇𝑣3

−
𝑒rot
𝑘𝐵𝑇rot

−
𝑒̃

𝑘𝐵𝑇̃
) (4.a) 

𝑄̃ =∑𝑔𝑘
𝑘

exp (−
𝑒𝑣1
𝑘𝐵𝑇𝑣1

−
𝑒𝑣2
𝑘𝐵𝑇𝑣2

−
𝑒𝑣3
𝑘𝐵𝑇𝑣3

−
𝑒rot
𝑘𝐵𝑇rot

−
𝑒̃

𝑘𝐵𝑇̃
) (4.b) 

𝑒𝑘 = 𝑒𝑣1 + 𝑒𝑣2 + 𝑒𝑣3 + 𝑒rot + 𝑒̃ (4.c) 

 

where 𝑒𝑣𝑖  is the energy of the i-th vibrational mode (as explained in Section A), 𝑒̃ the energy of the couplings and 

different interactions, 𝑄̃  the partition function and 𝑇̃  a pseudo-temperature. With the (P,J,C,N) labelling, the 

degeneracy of the vibrational modes is 1: thus 𝑔𝑘 = (2𝐽 + 1)/𝜎, where σ is the symmetry number (equal to 2 in the 

case of CO2) [25]. 

 A database of approximately 7.3M states has been computed: this corresponds to a maximum polyad number P of 

40, a maximum rotational number J of 300, and a cutoff energy of 55000cm-1. 

C. Multi-temperature model 

For thermal nonequilibrium CO2 flow, the choice of the pseudo-temperature 𝑇̃ arises. Inspired by Park’s multi-

temperature model [26], the expression shown in Eq.5 is proposed. This expression allows to explore different 

possibilities, and to add the coupling term to any mode or to a combination of the modes.  
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𝑇̃ = 𝑇𝑣1
𝑎𝑇𝑣2

𝑏 𝑇𝑣3
𝑐 𝑇rot

𝑑  where 𝑎 + 𝑏 + 𝑐 + 𝑑 = 1 (5) 

 

V.  Results 

A. Implementation of the database 

 First calculations were made at equilibrium, for 4 different temperatures (1000, 2000, 3000 and 4000K) around 

2.7 and 4.3μm, with a pressure of 1 atm and 100% of CO2. A rectangular slit function of 10cm-1 has been applied to 

the spectra, in order to compare with Depraz’s results [27]. The results for the 2.7μm band are plotted under the label 

SPRADIAN in Fig. 3. The “Depraz – EM2C” curve corresponds to the results obtained by Depraz in his thesis with 

the EM2C database, and shown in Fig. III.49 of [27]. 

 A correct agreement with CDSD for all temperatures and spectral range considered is observed, and better than 

[27]. Nevertheless, for 2000K, Depraz’s results are better than SPRADIAN’s. This is the only case where 

SPRADIAN’s results do not fit the best with CDSD. Some discrepancies still exist between SPRADIAN’s results and 

CDSD in the other cases, but less than between CDSD and Depraz’s results. 

 These good agreements allow to think that the calculated rovibrational levels’ energies are correct and allow a 

good representation of the various levels. This also confirms that the modifications of SPRADIAN were successful. 

The rovibrational levels’ energy database will thus be used for the next simulations presented in this paper. 

 Nevertheless, some improvements can still be made. The larger differences observed for higher temperatures 

suggest that the calculation of the higher levels’ energies may not be the most accurate and could be improved. 

 

 
Fig. 3 Comparison of absorption coefficients at equilibrium. 

B. Shocked equilibrium flows 

The spectrally resolved radiance are shown in Fig. 4, and compared to simulations made with SPRADIAN for CO2 

and CO contributions. The mole fractions were obtained by the code Chemical Equilibrium with Application (CEA) 

[28], for frozen and equilibrium chemistries. For velocities lower than 4 km.s-1, the radiation comes essentially from 

CO2, and the radiation from CO can neglected. For case a), the chemistry is frozen (xCO2 = 1), for b), xco2 = 0.9 and 

for c), xCO2 = 0.25. For cases d), e) and f), the chemistry is at equilibrium. We observe that for higher shock velocities, 

the chemistry of the mixture gets closer to the chemical equilibrium. The equilibrium is reached for shock velocities 

higher than 5 km.s-1, and CO radiation becomes predominant. This follows the observations made in [21] with EAST 

data. 
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 In the case c), we tried to fit the experimental data using only CO2 radiation, and were able to get an approached 

radiance for a pressure 𝑝 = 0.51 bar and 𝑥𝐶𝑂2 = 0.25 for a temperature of 4500K. Nevertheless, this can not represent 

the reality of the emitted spectra, since we have not computed CO emission, which would compensate the deficit in 

radiance after 5 μm. It is thus likely that the mole fraction of CO2 will be lower than here (but larger than the 

equilibrium one), as well as its temperature, while CO will have a mole fraction lower than the equilibrium one. The 

mixture composition and governing parameters are listed in Table 2. 

 For higher temperatures (i.e. higher shock velocities), CO2 dissociation rates increase and thus the chemical 

equilibrium is reached faster. 

 

Table 2 Simulation parameters 

 𝑥𝐶𝑂2  𝑥𝐶𝑂 𝑇𝑒𝑞  (K) 𝑃 (bar) 

Case a) 1 0 𝑇𝑓𝑟𝑜𝑧𝑒𝑛 = 3350K 0.178 

Case b) 0.9 0 4000 0.254 

Case c)* 1.051 ∙ 10−1 5.204 ∙ 10−1 3400 0.518 

Case d) 1.769 ∙ 10−2 5.153 ∙ 10−1 5000 0.693 

Case e) 6.974 ∙ 10−5 4.289 ∙ 10−1 6500 1.014 

Case f) 4.204 ∙ 10−5 3.536 ∙ 10−1 6900 1.172 

* The parameters listed for case c) in this table correspond to the chemical equilibrium for a 4.77 km.s-1 shock. They 

result in the blue dotted curve in Fig. 4. 

 

 

Fig. 4 Comparison between predicted and measured CO2-CO IR spectra 

C. Expanded nonequilibrium flows 

Measurements were also performed with JAXA HVET facility [13]. The simulations of these measurements were 

previously performed at JAXA. As the article was written in Japanese, the strategy is described hereafter. Firstly, the 

flow was computed with JAXA in-house 2D axisymmetric CFD code JONATHAN [29]. Thermal nonequilibrium 

was described by Park model [21]. The flow variables perpendicularly to the tube axis were then extracted with an in-

house ray-tracing program [30] and rotated around the tube axis. Subsequently, the flow variables were extracted 

along the measured lines of sight, as displayed in Fig. 5. The flow variables were then inputted into Ecole Centrale-

Supélec radiation transport code [31]. The spectral properties were computed with the SNB model. As the SNB model 
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provided to the authors was working under equilibrium conditions, the spectra were computed at both the translational 

and vibrational temperature to bound the performances of the simulations.  

Fig. 6 compares the predicted and measured spectrum. Fair agreement is observed between the simulations and the 

experimental data, while it is believed that upgrades of the physico-chemical models (kinetics and nonequilibrium 

radiation) are warranted. 

 
 

Fig. 5 Simulations of HVET line of sight flow [30, 31] 

 

 
 

Fig. 6 Comparison between predicted and measured CO2 IR spectrum (position 1) [30, 31] 

 

Detailed studies on CO2 vibrational dynamics remain necessary and the HVET measurement were used to test the 

performances of the spectral models and gain insight on nonequilibrium conditions. For example, Pannier and Laux 

used their recently developed code RADIS [32] to fit the experimental spectra [33]. The present work pursued the 

same approach and fitted the measured spectra to gain insight on CO2 vibrational dynamics.  

First simulations were performed using the same parameters as in [33]. The results are shown in Fig. 7. Correct 

agreement is found with RADIS's results (top figure), but a second set (bottom figure) simulations gives even better 

agreement with the experimental data. The RADIS curve corresponds to the best fit in [33], i.e. for Tr=1700K and 

Tv=2200K. SPRADIAN and RADIS fitting conditions are thus slightly different, but the same conclusion can be 

made: the vibrational temperature is twice smaller than the one predicted by Park's 2-temperature model (4000K). The 
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vibrational modes would thus relax quicker than the 2-temperature model predictions, which triggers an update of 

Park model for CO2-based flows.  

 

 

Fig. 7 Vibrational and rotational temperatures during expansion (free-flow) with parameters of [33] (top) 

and updated parameters (bottom). 

VI. Conclusion 

This paper presented the improvements to JAXA in-house radiation solver to compute CO2 IR radiation under 

thermal nonequilibrium. The contributions of the couplings, interactions as well as the accurate computation of the 

energy levels were undertaken. Thermal nonequilibrium was described under the multi-temperature formalism. The 

implementation was evaluated with respect to previous works found in the literature. 

To further validate the modeling, JAXA shock- and expansion-tube facilities were operated at conditions generating 

flow velocities ranging from 2 to 7 km.s-1. Absolute spectral measurements were obtained in the 4.3 microns region 

and integrated to yield absolute radiances. The latter were compared to the measurements obtained at NASA EAST 

facility and good agreement was obtained. For shock velocities greater than 5 km.s-1, the flow reaches chemical 

equilibrium, and CO IR radiation dominates CO2 radiation. 

The experimental spectra were analyzed with the model to determine the vibrational and rotational temperatures 

and determine the degree of nonequilibrium. Specifically, the measurements obtained during expansion confirms the 

nonequilibrium between vibrational and rotational temperatures. The relaxation times were found different from the 

predictions using the Park 2-temperatures model.  
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