L COB=M DABcm

Brazilian Society of Mechanical Sciences and Engineering

2 023 27T INTERNATIONAL CONGRESS 27t ABCM International Congress of Mechanical Engineering
OF MECHANICAL ENGENEERING December 04-08, 2023, Floriandpolis-SC, Brazil

COB-2023-0168
A COMPARATIVE STUDY ON THE RADIATIVE HEAT TRANSFER FOR
HYPERSONIC NONEQUILIBRIUM FLOWS OVER A CYLINDER

Farney Coutinho Moreira
Instituto Tecnoldgico de Aerondutica, Sdo José dos Campos, SP, 12228-900, Brazil
farney.coutinho @gmail.com

Deborah A. Levin
Shubham Thirani
University of Illinois at Urbana-Champaign, Urbana-Champaign, Illinois, 61801, USA
deblevin@illinois.edu
thirani2 @illinois.edu

William Roberto Wolf
University of Campinas, UNICAMP, Campinas, SP, 13083-860, Brazil
wolf@fem.unicamp.br

Joao Luiz F. Azevedo
Instituto de Aerondutica e Espago, Sao José dos Campos, SP, 12228-904, Brazil
joaoluiz.azevedo @gmail.com

Abstract. Hypersonic flow over a cylinder is modeled using the finite volume method to solve the Navier-Stokes equa-
tions, including Park’s two-temperature model for chemical dissociation. The main focus of this work is to carry out
a comparative analysis of the thermodynamic nonequilibrium properties along the flow stagnation line, and obtain the
infrared spectrum of radiative heat flux at the stagnation point of the cylinder using a line-by-line approach. The spec-
trum of radiative heat flux at the stagnation point of the cylinder are obtained using NEQAIR numerical code, considerig
the NEQAIR and HITRAN transitions. In hypersonic flow conditions, it is possible to observe the occurrence of ther-
modynamic nonequilibrium through the magnitude difference of the translational-rotational and vibrational-electronic
temperature modes inside the shock layer forming upstream of the cylinder. Analyses of the thermodynamic nonequilib-
rium effects are performed, considering the excitation state of the temperature modes, in addition to the chemical effects
of dissociation and exchange of molecules and atoms present in the mixture.
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1. INTRODUCTION

The study of hypersonic flows in thermodynamic and chemical nonequilibrium state over simple geometric configu-
rations such as a cylinder are essential to test numerical models and validate computational simulations of high physical
complexity, as typically observed in flows over capsules during atmospheric re-entry procedures. The geometric con-
figuration of a cylinder is widely used for this purpose, and has a large number of publications available in the litera-
ture (Karpuzcu et al., 2023; Daniel et al., 2023).

In the present work, a study of the flow properties along the stagnation line is carried out. In this study, the geometry
of a cylinder is considered to simulate hypersonic flows in thermodynamic nonequilibrium state. To carry out the ther-
modynamic analysis, the results are obtained with the improved numerical tool used in this research, developed from the
LeMANS (Scalabrin, 2007) code. The detailed spectra of radiative heat flux at the cylinder stagnation point is obtained
using a line-by-line approach with the NEQAIR numerical tool (Cruden and Brandis, 2019).

An overall view of geometrical details of the cylinder and domain boundary is presented in Fig. 1(a), while Fig. 1(b)
shows mesh used in the numerical simulations carried out in the present work. The geometry and freestream conditions
used in this work are taken from the experiments of Yanes and Austin (2019), with Mach number, velocity, static temper-
ature and density values of 7.2, 3,950 m/s in the z direction, 752 K, and 3.78 x 10_3kg / m3, respectively. The cylinder
was modeled with a radius of 15.88 mm and an isothermal wall at 300 K. Computations are performed considering a free
stream mole fraction with 0.79 of molecular nitrogen, N5, and with 0.21 of molecular oxygen, O.
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(a) Cylinder geometry with dimensions (b) Computational mesh

Figure 1. 2D view of cylinder geometry and mesh.

2. THEORETICAL FORMULATION
2.1 General Considerations

Hypersonic flows in thermodynamic nonequilibrium state, typically observed in atmospheric re-entry conditions, are
subject to distinct flow regimes that vary as a function of the gas density and, thus, that depend on the altitude in the
atmosphere. In the last phase of reentry, where density is sufficiently high, no-slip occurs on the vehicle surface. This
behavior leads to shear stresses as defined for the flow in a continuous medium. The dimensionless parameter that defines
the flow as continuum or rarefied is the Knudsen number, which can be written as

K, - (1)

I
In this expression, the characteristic length scale, L, is a representative measure of the dimension of the fluid-immersed
object. For the specific case of a reentry capsule, the outer diameter, or the outer radius, is typically used. The A\ parameter
is defined as the mean free path, i.e., the average distance traveled by a fluid molecule between successive collisions.
Through some mathematical manipulations, it is possible to rewrite the Knudsen number as a function of the Mach and
Reynolds numbers (Alladadi et al., 2013) as

™ M
Kn =1/73 Te 2
Here, ~y represents the ratio of specific heats, M is the Mach number and Re is the Reynolds number. The flow is consid-
ered continuum for Knudsen numbers up to K, = 0.1. In this flow regime, the physical problem can be mathematically
modeled by the Navier-Stokes equations. The so-called transition regime typically occurs with a Knudsen number ranging
from 0.1 < K,, < 1, and this type of flow should be solved through the kinetic theory of gases, mathematically described
by the Burnett equation (Agarwal et al., 2001). For Knudsen numbers K,, > 1, the flow becomes rarefied, also called free
molecular flow, and statistical approaches that take into account binary collision models are required. The most widely
used method for treating phenomena that occur in this last flow regime is the direct simulation Monte Carlo (DSMC)
method (Bird, 1994).

In the simulations addressed in the present work, the flows are modeled as continuum since we expect the Knudsen
numbers to be of order 1073, Hence, the Navier-Stokes equations constitute an accurate model for the present high-
enthalpy continuum flows. These equations are solved using Park’s two-temperature model to account for thermodynamic
nonequilibrium and weak ionization effects (Park, 1988). Hence, it is assumed that the rotational and translational energy
modes of all species can be described by a single temperature, T},., and that the vibrational energy mode of all species
plus the electron energy can also be described by a single temperature, T, (Scalabrin, 2007; Martin et al., 2012).

2.2 Conservation Equations and Related Models

Through the Boltzmann equation and the Chapman-Enskog theory (Bobylev, 1982), it is possible to obtain the system
of conservation equations for transport of mass, momentum and energy, which are herein referred to as the Navier-Stokes
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equations. Here, this system of conservation equations contains a source term that represents chemical reactions including
dissociation and ionization under thermodynamic nonequilibrium.

87Q+ a(Fj_ij)

=S, 3
ot 8:rj v ( )
where () represents the vector of conserved variables and it is defined as
T
Q={pm ... pn pui E E,. } . 4)
In the previous equations, index notation has been used and repeated indices imply summation while a free index rep-
resents a vectorial equation. In the vector of conserved variables, the terms p1, ..., py represent the densities of the

N chemical species present in the gas mixture. The macroscopic flow velocity components are represented by u;, the
total energy per unit volume is described by F, and the electronic vibrational energy per unit volume of the mixture is
represented by F..

The components in the j-th direction of the inviscid, F;, and viscous, ij , flux terms are defined as

p1U; —J1,;
Fj={ PNU and F, = —JNj : 5)
puiuj +p51] Tij
(E + p)u; TijWi = (Qerj + Que,j) — 2_(Js,jhs)
Eyeu; ~Que,j — 2 (Js,j€ve,s)

In the above equations, the p variable represents the mixture pressure and ¢;; is the Kronecker delta. According to Fick’s
law, the diffusion flux of the s-th chemical species in the j-th direction is represented by J, ; = pD, gTY;‘, and the viscous
stress tensor components are defined by 7;;. Here, D and Y, represent the diffusion coefficient and molar fraction
of species s, respectively. The thermal flux from translational-rotational energy in the j-th direction is given by ¢;,,;
while g, ; represents the thermal flux component from electronic-vibrational energy in the j-th direction. Moreover, h
represents the enthalpy of the s-th chemical species.

The pressure is calculated assuming that each species can be modeled using an ideal gas relation and Dalton’s law of
partial pressures (Gillespie, 1930)

N
R R
p= ; Ps ETtT + Pe ﬁeT’lJe P (6)
where R is the universal gas constant, 7}, is the temperature of translational and rotational modes, 7, is the temperature
of vibrational and electronic modes, ps and M are the density and molecular weights of the individual chemical species,
respectively, p. is the electronic density and M, is the electronic molecular weight.
The viscous stress tensor for a Newtonian fluid is defined as

Ou;  Ou; 2 ou

Tijzﬂ(ax; +a$1) - <3M—3) 871’:6”" (7
where p is the shear viscosity and [ is the bulk viscosity. Through Stokes’ hypothesis, we assume that 3 = 0 (Blottner
etal., 1971; Nompelis et al., 2009). The bulk viscosity contributes to the dilatational term appearing in the normal stresses
and arises from the exchange of momentum between colliding molecules and their internal degrees of freedom. There-
fore, one could expect that the momentum exchange across the strong shock waves observed in the present calculation
procedure could be directly impacted by this parameter, especially if flows containing carbon dioxide were to be consid-
ered. Recent estimation models of bulk viscosity for ideal gases under different temperature ranges are provided in Ref.
(Cramer, 2012; Sharma and Kumar, 2019). In general, these models are designed for lower temperatures than those found
in the present flows. Moreover, since this is still a topic of investigation, Stokes’ hypothesis is assumed in the present
work in order to avoid inaccuracies in the evaluation of the bulk viscosity and because we are primarily concerned with
reentry to the Earth atmosphere in the present case.

The convective heat fluxes are modeled according to Fourier’s law as

aTtr aTve

rj = —ktr—— d ve,j = —kve—m— . 8
g = —hug A ey = e ®

The thermal conductivity of the mixture for each energy mode is calculated using the approach proposed by Vincenti and
Kruger (1982). Hence, the conductivity of the translational-rotational and vibrational-electronic modes are computed,
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respectively, as

5
ktr,s = 5,“450’0157",5 + ,U/scvve,s (9)
and
kve,s = Nscvve,s . (10)

Here, C'vy, 5 is the constant volume specific heat related to translational-rotational temperature and C'vy. s is the constant
volume specific heat related to vibrational-electronic temperature for the s-th chemical species. The mixture transport
properties are modeled using Wilke’s semi-empirical mixing rule (Wilke, 1950) as

Yipis
p=d 0 (1)
and
Yiks
k= , 12
27 ”

The s and kg parameters represent the dynamic viscosity and thermal conductivity coefficients for the individual s-th
species. The ¢, term is calculated using

2
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In the equation above, u, and M, are the viscosity coefficient and molecular weight, respectively, of species r involved
in the binary collision with species s. These values can be found in Ref. (Scalabrin, 2007).

In Eq. (3), the S, source term represents the rates of mass production of species during chemical reactions. This term
can be written as

(13)

(bs :ZY’I‘

Sep={ 1 ... @y 0 0 0 0 &}, (14)

where w,, is the vibrational energy source term, and wy, ..., wy represent, respectively, the mass production rates of all N
species due to the chemical reactions.

2.3 Chemical Species

Phenomena associated with dissociation and ionization caused by high-enthalpy flows, typically encountered in hy-
personic conditions and atmospheric entry, will determine the chemical species present in the mixture. Some chemical
models have been developed and are used to represent these phenomena according to the complexity of the flow physics
involved and their chemical reactions (Gnoffo et al., 1989). The information in Table 1 indicates the chemical species
that are included in the chemical species model used for the present simulations. The model is referred to as the 5-species
model in the paper.

Table 1. Chemical species model for the air used in the present work.

MODEL (NUMBER OF SPECIES) SPECIES
5 Ny, O3, N,O, NO

2.4 Model of Chemical Reactions

For all previous models, the chemical reactions of dissociation and ionization can be represented by the following
equation

a2 B (15)
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Here, s represents the chemical species, and «,.s and 3,5 are the stoichiometric coefficients of the reagents and products,
respectively. The reactions are written such that the right arrow represents an endothermic reaction. The rate of chemical
production of the s-th species is given by

nr N Qrs N Brs
ws:MsZ(ﬂrs_ars) [kfrH (]@S ) _kaH (ﬁ ) ‘| ) (16)
—1 s s

s=1 s=1

where k¢, and ky, are the forward and backward reaction rates. The latter depends on the equilibrium constant (Park,
1993), kcq, as

kfr (TC)
kpp = —4—+2% 17
b Freq (T0) (17)

where the values of k., (T..) are obtained by curve fits as follows

4 4 4\ 2
A, <1TO4) 4 Ay + Agln (lTo ) Y (1}) ) s (1;) )
The A, As, Az, Ay and Aj coefficients are functions of the flow particle number density within the range of the data
tabulated in Ref. (Park, 1989). For number densities outside the range available, the tabulated values for the maximum
and minimum number densities are used accordingly.
Under conditions of chemical nonequilibrium, it is reasonable to assume that the order of magnitude of flow and
chemical reaction characteristic timescales are comparable. Thus, models that consider a finite rate of chemical reactions
are appropriate to consider nonequilibrium effects. The two-temperature model proposed by Park (1989) is widely used

due to its simplicity. This model includes the effects of chemical nonequilibrium in the calculations of dissociation rates
using a control temperature, 7, according to

keq = €xp (18)

T, =T2T", . (19)
In this equation, 77, is the translational-rotational temperature mode and T, is the vibrational-electronic temperature
mode. Constants a and b define the nonequilibrium weight factor that controls the energy transfer between dissociation
and ionization reactions. The dissociation reactions are controlled by a combination of the translational-rotational and
vibrational-electronic temperatures to account for the fact that vibrationally excited molecules are more likely to dissoci-
ate (Park, 1988).

Niu et al. (2018) present a thorough analysis in terms of the nonequilibrium weight factor considering a = b = 0.5,
and a = 0.7 and b = 0.3, for different chemical models. It is shown that the weight factor has an important role on
the distribution of the vibrational-electronic temperature in the nonequilibrium process. Here, we use the standard values
a = b = 0.5. The previous reference shows that this selection leads to good comparisons with experimental results
obtained for a blunt body flow in terms of spectral intensity.

In Eq. 16, the forward reaction rates are calculated using Arrhenius curve fits as

0
k¢r = AT™exp (—T) , 20)

where A is the pre-exponential factor, 7, is the temperature dependence, and 6, is the activation energy. The forward
chemical kinetic rate coefficients used in this work are those proposed by Park (1993).

2.5 One-Dimensional Tangent Slab Approximation

The radiative intensity, [y, is defined as the radiative energy per unit solid angle and per unit area normal to an
intensity ray. This intensity can be attenuated and augmented through emitting and absorbing media and can be described
in differential form by the one-dimensional equation of radiative transfer as given as

dI»(0)
dx

Z—H)\I)\(a)—Fe)\ . (21

where €) and k) are the emission and absorption coefficients, respectively. The tangent slab (TS) approximation is one of
the basic methods to solve the radiative transport equation (RTE) for a one-dimensional gas media. The spectral radiative
heat flux, gr (7)), which is of interest for heat transfer applications, is written as (Modest, 2003)
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where 7\, = fol kads is the optical thickness. The final form to obtain g (7)) may be written in terms of the second and
third order exponential integrals as,

T)\ !’ !’ !’ T)\L ! !’ !
qr(a) = 27 Iy Es(7)) — Iy Es(Tar — 7\)]+27 [/ Sc(m3)Eo (T — 7y)dTy, — / Sc(1y)Eo(1y, — TA)dTy | (23)
0 X

where Ij; and Ijo are the blackbody intensities at the two wall boundaries. Detailed derivations to solve the radiative heat
flux (¢r) and the incident radiative intensity (G = |. 1 12dS2) for the parallel plate media are discussed in Ref. (Modest,
2003). Under radiative equilibrium conditions without scattering the source term, .S,, is defined as the blackbody function.
However, for non-equilibrium conditions, local emission and absorption coefficients must be calculated individually for
each cell condition, leading to S.) = €)/k). The radiative energy change in a cell is then calculated by

Aqr(Ty)
Az

where Az is the cell thickness.

V-qr(m\) = (24)

3. NUMERICAL FORMULATION

The Navier-Stokes equations are solved using the LeMANS parallel code developed at University of Michigan (Scal-
abrin, 2007; Martin et al., 2012). The solver employs the finite volume method with a cell-centered approach. In this
work, the flows are computed using meshes solely composed of quadrilaterals in order to better resolve the boundary
layers and shock waves present in hypersonic flows.

The inviscid fluxes across cell faces are discretized using a modified version of the Steger-Warming flux vector splitting
scheme (MacCormack and Candler, 1989) which is less dissipative and yields better results along boundary layers. The
method switches to the original Steger-Warming scheme (Steger and Warming, 1981) at shock waves by using a pressure
switch. A second-order reconstruction of the inviscid fluxes is implemented as discussed in Ref. (Scalabrin, 2007). The
viscous fluxes are calculated using a second-order centered scheme that combines properties at cell centers and at the
nodes. The property values at the nodes are calculated using a simple average of the cell values that share the node. The
use of this method increases the stencil employed in the derivative calculations in order to avoid loss of accuracy when
using unstructured meshes. No-slip velocity boundary conditions with catalytic isothermal walls are applied along the
solid surfaces for the calculations discussed in the present work.

The spatial discretization of the source term is the same as that used to calculate the viscous flux terms. The values of
properties on the left and right sides of a volume face are obtained using the values on the centroid of the respective volume
and also the values of properties on the nodes that make up the control volume (Jawahar and Kamath, 2000). Forward
and backward chemical reaction rates can achieve large values depending on the control volume temperature, especially
for low equilibrium constant values, k., (Park, 1988). Another numerical problem associated with the source term of
chemical reactions is related to the density of chemical species, which needs to be positive. Negative values of densities
of chemical species cause the source terms to change sign, which leads to numerical instabilities. The problem arises
from the fact that, during the convergence process, and since some of those densities, at a given control volume, can be
very small, the calculation procedure might yield negative values to the density of some species. In order to overcome any
problems in the calculation of source terms, chemical reaction rates are numerically obtained using a modified temperature
as discussed in Ref. (Scalabrin, 2007).

Numerical instabilities may also appear with the use of explicit methods for time integration of the Navier-Stokes
equations including source terms with chemical reactions. In such cases, the time step restriction arising from numerical
stiffness does not allow an acceptable iteration time for achieving solution convergence (Hirsch, 2007). Since we sought
steady state flow solutions, an alternative to avoid this type of problem is to use implicit schemes for time integration of
the equations. This approach improves efficiency and robustness, allowing larger time steps while avoiding the growth
of numerical instabilities. In this work, the time integration is performed using a line implicit method (Venkatakrishnan,
1995).

The spectrum of radiative heat flux at the stagnation point of the cylinder are obtained using Nonequilibrium Air
Radiation (NEQAIR) numerical code. NEQAIR is a line-by-line radiation code developed at NASA Ames (Cruden and
Brandis, 2019). It computes the emission and absorption spectra along a line-of-sight for atomic species, molecular
species, electronic band systems, and infrared band systems. Radiative heating rate is determined using a tangent slab



27th ABCM International Congress of Mechanical Engineering (COBEM 2023)
December 4-8, 2023, Florianépolis, SC, Brazil

assumption (Cruden and Brandis, 2019). Individual electronic transitions are evaluated for atomic and molecular species.
The code can model the bound-free and free-free continuum radiation caused by interactions of electrons with neutral and
ionized atomic species. The external inputs required by NEQAIR are the nonequilibrium temperatures modes and species
number densities along a line-of-sight. In the current implementation, these data are received from DSMC code.

4. RESULTS
4.1 Flow Conditions and Mesh Considerations

In this section, results of hypersonic flow calculations over the cylinder geometry are presented. In order to validate
the numerical model, nonequilibrium properties of the gas mixture along the flow stagnation line and the scanned spectra
of radiative heat flux at the stagnation point in the frontal region of the cylinder is calculated. The flow conditions are
presented in Table 2.

Table 2. Flow configurations investigated in the present work.

Poo(kg/m3) Tou(K) Tw(K) Usx(m/s) Mx Reoo Knoo
3.78x 1073 752 300 3950 7.19 6.3x10% 1.68 x 103

In Table 2, p is the freestream density of the flow, T is the freestream temperature, 7T;, is the temperature of the
surface of the capsule, Uy, is the flow speed, M is the freestream Mach number, Re is the reference Reynolds number
and Kng, is the freestream Knudsen number of the flow.

Numerical simulations are performed using 96 Intel Xeon E5-2680v2 2.8 GHz cores. The mesh used in the simulations
is composed exclusively of quadrilaterals to better resolve the shock waves and boundary layers in the present flows and
to improve the quality of results along the vehicle surface. The convective heat flux calculations are very sensitive to the
size of the mesh cells close to the wall. According to a study carried out and published by the authors Moreira et al.
(2021), for hypersonic flows with high Mach number, the cell Reynolds numbers (Re..;;) must be, at most, around 1.0 for
better capture of the heat flux at the surface. Here, the cell Reynolds number is defined as Re..;; = Re An/R, and An
refers to the smallest normal grid distance on the wall. The number of cells is keep constant with 180 control volumes
along the wall-normal direction, and 200 cells along the streamwise direction. Simulations performed are run with 96
cores, and faster convergence was achieved in about 15,000 iterations (= 13 h). An overview of the computational mesh
with refinement in the shock wave region employed in the CFD simulations is presented in Fig. 1(b).

4.2 Thermodynamic Nonequilibrium Effects

Contours of Mach number are presented in Fig. 2(a). We can observe that the bow shock wave forms close to the
stagnation point, generating a thin shock layer. Behind the shock wave, the Mach number is considerably reduced, except
at the end of the computational domain where an expansion is observed. In Fig. 2(b) we can clearly observe the formation
of a region of thermodynamic nonequilibrium through the contours of the ratio between the temperature modes Ty, /T
The thermodynamic nonequilibrium region is more intense and thinner near the flow stagnation line, and becomes thicker
and less intense as it approaches the expansion region at the flow exit.

4.3 Infrared Radiative Spectra

The modeling of the high temperature air chemistry in hypersonic flows is a complicated problem. The strongly-
coupled processes include excitation of the internal energy modes, molecular dissociation, ionization and radiation of
the atoms and molecules. Previous radiation modeling efforts of hypersonic air flow shows that nitric oxide (NO) is
the dominant radiating species in the ultraviolet and infrared bands (Li et al., 2012). In this work, a comparison of the
spectra of NO in the infrared (IR) band is performed using the NEQAIR code. To carry out this comparative study, we
are considering two different databases, the NEQAIR equations and the HITRAN database (Rothman, 2021).

Figure 3(a) presents the specific intensity spectra of the radiative heat flux through the infrared band for NO. To obtain
the spectrum, the properties along the flow stagnation line are considered, with a total of 198 slabs up to the stagnation
point on the cylinder surface. It is possible to observe that, under the analyzed conditions, the main peak of specific
intensity occurs at the approximate wavelength of A = 5.1pum of the infrared band. The radiative intensity spectrum
considering the NEQAIR equations has a greater magnitude than the one observed considering the HITRAN equations.
It must be emphasized that the transitions that exist in HITRAN are a mixture of calculated and experimental data, while
NEQAIR considers only calculated transitions. Often the experimentally determined values are more accurate than the
calculated ones, and vice versa. The calculated values have certain advantages, for example providing a more complete
set. But the experimental ones still are usually more accurate.
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Figure 3. Line-of-sight calculation for NO using NEQAIR and HITRAN database.

Figure 3(b) presents the results for the scanned spectra through the spectral radiance. We can observe through the
scanned spectrum that there is no significant variation between the results obtained considering the NEQAIR and HITRAN
databases. We can observe the main peak occurring at the wavelength of 5.1pm, with the incidence of other three adjacent
peaks at the wavelengths of 5.19um, 5.03um and 5.27um, respectively.

The results concerning the scanned spectra reveal a notable similarity when considering both databases, NEQAIR and
HITRAN. However, when we examine the results related to specific intensity, it becomes evident that HITRAN stands
out, presenting a superior resolution as it covers a much broader range of bands and transitions between energy levels in
the NO molecule compared to the NEQAIR database.

5. CONCLUSIONS

Hypersonic flows in thermodynamic and chemical nonequilibrium are investigated for gas mixtures that simulate the
air atmosphere. The Navier-Stokes equations are solved including source terms that model the chemical reactions occur-
ring in the present high-enthalpy flows. A two-temperature model is applied to individually account for the translational
and rotational modes, and the vibrational and electronic modes. The air flow is considered to be composed of a mixture
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of oxygen and nitrogen.

The results demonstrate that, in general, CFD results are able to adequately capture the correct shock stand-off distance
along the flow stagnation line, and the behavior of the thermodynamic nonequilibrium properties in terms of temperature
modes. In addition, the authors also detail the infrared spectra of radiative heat flux at the cylinder stagnation point using a
line-by-line approach obtained with the NEQAIR code. Two different databases were considered, and the results showed
that HITRAN presents better resolution in terms of the specific intensity spectra. However, the results are equivalent
in terms of scanned spectra. The main objective of the present effort is to increase the understanding of the behavior
of thermodynamic properties along the flow stagnation line, as well as to obtain the predominant spectrum of infrared
radiation at the flow stagnation point on the cylinder surface.
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