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Abstract. Numerical simulations of hypersonic flows under thermochemical non-equilibrium conditions are presented
for the FIRE II capsule. An 11-species model is used to describe the flow gas mixture. The present work analyzes the
influence of the control temperature weight factors in Park’s two-temperature model on the flow behavior. The analysis
performed aims to broaden the understanding of the weight factors influence. The work uses a code developed for solving
the Navier-Stokes equations and Park’s model using a finite volume approach. The work presents results in terms of the
Mach number and temperature modes along the stagnation streamline. In addition, this work includes results for the heat
flux at the stagnation point. The change in the weight factors leads to changes in the maximum temperature values, the
shock wave position, and the flow gas composition. The heat flux at the stagnation point does not change significantly in
the analysis performed. The results are in good agreement with experimental data. The present work indicates that the
weight factors in Park’s two-temperature model can have a rather significant effect on the position of the shock wave and
behavior of the flow non-equilibrium region.
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1. INTRODUCTION

Public agencies and private organizations started to grow interested in aerospace exploration. The reentry procedure
plays a critical role in space missions to guarantee the safety and integrity of the vehicle and payload. The hypersonic
vehicle achieves high speeds during the atmospheric entry/reentry procedure. As the body enters a high-density part of the
atmosphere, the complexity of the flow increase. Near the vehicle body occur the formation of a high-temperature shock
layer. High-temperature gas phenomena, such as thermodynamic and chemical non-equilibrium, become more present.
Dissociation, recombination, and ionization chemical reactions occur in these conditions, changing the flow gas mixture
composition. These complex phenomena lead to the excitation of different energy modes. The high-temperature and
reacting gas mixture conditions affect the reentry vehicle and capsule thermal protection system (TPS).

The present work studies the influence of the weight factors of the control temperature calculation of Park’s two-
temperature model on flow behavior. The study uses three points of the descended trajectory of the FIRE II capsule. The
simulation results are obtained with the improved LeMANS code and compared with existing data in the literature. The
results presented in this work consider only convective effects. The experimental data used for the comparison includes
both convective and radiative effects (Johnston et al., 2008).

The thermal protection system of the FIRE II capsule has three thermal shields. The first shield, with radius R,, =
934.70 mm, protects the capsule until an altitude of approximately 60 km, then it is ejected. The second shield, with
radius R,, = 805.20 mm, stays active until an altitude of approximately 45 km. The end of the reentry procedure uses the
third shield with a radius R,, = 702.00 mm. The present work analysis uses one case from each thermal shield. Moreira
et al. (2021) show a detailed image of the geometry of the FIRE II capsule.

Uncertainties arise from the use of numerical methods and models. In computational fluid dynamics (CFD), the
validation of the results from the simulations is of utmost importance. Furthermore, an understanding of the influence of
numerical parameters is also necessary. The present work compares its results with the aerothermodynamic data obtained
from Cornette (1966). The computations performed considered a freestream gas mixture with 11 species that simulate
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the atmosphere of the Earth. The present work assumes an initial gas mixture mass composition of 76.30% of molecular
nitrogen and 23.70% of molecular oxygen.

The weight factors chosen encompass those regarded as good choices by the literature. The present work presents
results for the Mach number and temperature modes along the stagnation line for each weight factor value chosen, focusing
on the non-equilibrium region. In addition, this work includes results for the heat flux at the stagnation point. With this
analysis, the present work aims to broaden the knowledge about the influence of the Park’s two temperature model weight
factors on the flow behavior.

2. THEORETICAL FORMULATION
2.1 General Considerations

The density of the freestream flow varies with the altitude. Thus the reentry vehicle or capsule experience different
types of flow regimes in its reentry trajectory. Depending on the flow regime, some formulations are not valid. The
Knudsen number is a dimensionless parameter that defines the flow as a continuum or rarefied medium, written as

Kn=7% . (1)

where A is the mean free path, in other words, the average distance that a particle travels until colliding with another. In
this case, the particle is either an atom or a molecule. The parameter L is the characteristic length which is a representative
measure of the dimension of the fluid-immersed object (Bird, 1994).

For reentry capsules, the characteristic length is usually the outer radius or the outer diameter. Flow properties, such as
pressure, temperature, density, Reynolds Number, and Mach number, define the freestream flow in a continuum formula-
tion, such as Navier-Stokes. Thus, it is interesting to obtain the Knudsen number from these parameters. Considering the
hard-sphere model for a particle collision cross section, as presented in Boyd and Schwartzentruber (2017), it is possible
to rewrite the Knudsen number as a function of the Reynolds number, Mach number, and ratio of specific heats as

M ym
 Rel 2
In this expression, -y is the ratio of specific heat, M is the Mach number, and Re is the Reynolds number.

For Knudsen number values up to Kn = 0.01, the flow is in the continuum regime and the Navier-Stokes equations
are valid. The formulation must consider the slip condition for the Knudsen number in the range of 0.001 < Kn < 0.01.
The flow regime is transitional if the Knudsen number ranges from 0.01 < Kn < 1. In this regime, the formulation must
follow the kinetic theory, such as the Burnett equation (Agarwal et al., 2001). In cases where the Knudsen number is
Kn > 1, the flow is classified as rarefied. The formulation for these cases uses binary collision models derived from the
Boltzmann equation. For Knudsen numbers tending to infinity, K'n — oo, the flow tends to the free-molecule limit (Bird,
1994; Boyd and Schwartzentruber, 2017). In this case, the formulation considered must be the collisionless Boltzmann
equation.

The Direct Simulation Monte Carlo (DSMC) is a collision-based solver for high values of the Knudsen number. Also,
the DSMC method can solve regimes with low values of the Knudsen number, but the computational and time resources
are very high (Bird, 1994). For the simulations in the present work, the Knudsen number is in the order of magnitude of
1073, Thus, the regime flow is a continuum. Hence, the Navier-Stokes constitute an accurate model for the high-enthalpy
flows considered in the present work. In addition, to account for thermodynamic non-equilibrium and weak ionization
effects, this work solver uses Park’s two-temperature model (Park, 1989). This model couples the temperature of the
translational and rotational energies into a single temperature defined as 73,.. The second temperature 7., describes the
vibrational and electronic energy modes plus the electron energy (Scalabrin, 2007; Martin et al., 2012).

Kn 2

2.2 Conservation Equations and Related Models

Through the Boltzmann equation and the Chapman-Enskog theory, it is possible to obtain the system of conservation
equations for mass, momentum, and energy transport, known as the Navier-Stokes equations (Boyd and Schwartzentruber,
2017). In the present analysis, the system of equations contains two source terms. One represents the chemical reactions
under thermodynamic non-equilibrium, S¢,. The other accounts for the axisymmetric flow configuration used in the
present work, S,.;. The Navier-Stokes equations can be written in a multi-dimensional form using the index notation as

0Q  O(F—Fy) _ |
W—FT_SC’U—FSGI’L s

where @ is the vector of conservated variables defined as

T
Q={p1 ... px pui E Eun} . “)

3)
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The index notation implies that the free index represents a vectorial equation, and the repeated indices indicate a
summation. The density terms p1, ..., py in the @) vector represent the density of the /N chemical species in the gas
mixture composition, the term pu; is the macroscopic flow velocity components, E is the total energy per unit volume,
and E,. is the energy per unit volume associated with the vibrational-electronic temperature 7.

The inviscid and viscous flux terms, F; and ij, respectively, are defined as

P1U; —Ji
F; = PNU; and  F,, = —Jn.; : (5)
puit; + poij Tij
(E +p) Uj Tij — (QtT,j + QUe,j) - Z (Jths)
Eveuj —Que,j — Z (Js,jeve,s)

In F}; and FUJ. , pis the gas mixture pressure, ;; is the Kronevker delta, 7;; represents the viscous stress tensor components,
and J; ; is the diffusion flux of the s-th chemical species in the j-th direction and given by J, ; = pD, gff , according to
Fick’s Law (Bird et al., 2002). In the definition of J, ;, D; is the diffusion coefficient, and Y is the molar fraction of the
chemical specie s. Also, hy represents the enthalpy of the s specie. The thermal flux g4, ; represents the flux related to
the coupled translational-rotational temperature 73, in the j-th direction, and g, ; is the thermal flux associated with the
coupled vibrational-electronic temperature 75, in the j-th direction.

Assuming that each chemical specie s behave as an ideal gas and Dalton’s Law of partial pressures is valid, the gas

mixture pressure p is given by

N
<R <R
p=> (’;w Ttr) + LM Tpe . ©6)
5:1 S e

where R is the universal gas constant, p, and M, are the density and molecular weight of individual species, respectively,
pe 1s the electronic density, and M. is the electronic molecular weight (Gillespie, 1930).
The viscous stress tensor for a Newtonian fluid is given by

Ju;  Ou, 2 ou
Tij:ﬂ(ax; +8:rz> - <3u—5> %:5@‘ ; (7
where g is the shear viscosity and [ is the bulk viscosity. The bulk viscosity arises from the momentum exchange
between colliding molecules and their internal degrees of freedom. The bulk viscosity contributes to the dilatational term
that appears in the normal stress. Therefore, 5 could directly impact the momentum exchange observed in the present
calculation procedure, especially if the flow gas mixture contains carbon dioxide.

Cramer (2012); Jaeger et al. (2018); Sharma and Kumar (2019) presents estimation models for the bulk viscosity under
different temperature ranges. However, these models are for low temperatures. Since this topic is still under investigation
and the temperatures in the observed flows are high, the present formulation assumes that Stokes’ hypothesis is valid, so
B = 0. This assumption aims to avoid inaccuracies in the bulk viscosity evaluation, and this work is primarily concerned
with the atmosphere of the Earth.

The current formulation uses Fourier’s Law of heat conduction to model the heat fluxes as

8Tt7« aTve

qtr,j = —Rtr 8.’11]‘ and Que,j = 7K“U687:L‘j . ®)

Eucken’s approach calculates the thermal conductivity of each chemical specie for the translational-rotational and vibrational-
electronic energy modes (Vincenti and Kruger, 1982). Thus, xy, s and K., are given as

5
Rtr,s = HUs <2Cvtr,5 + 01)1,875) and Roye,s = Uscvvevs s 9

respectively. Here, C,,, . is the specific heat at constant volume related to the translational-rotational energy mode for
the s-th chemical specie and the C,,_ , is the specific heat at constant volume related to the vibrational-electronic energy
mode for the s-th chemical specie.

The present formulation uses Wilke’s semi-empirical mixing rule to calculate the gas mixture transport properties
(Wilke, 1950). Thus, @ and k are given by

M:ZYZ:S and nzz% , (10)

ve,s
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respectively. The i represents the dynamic viscosity for the s-th chemical specie, and x4 represents the thermal conduc-
tivity coefficients for the s-th chemical specie. The term ¢ is defined by

o [ VO 0n ]
0= L R G

r

; (1)

where (i, is the dynamic viscosity and M,. is the molecular weight of an r chemical specie involved in the binary collision
with an s chemical specie (Scalabrin, 2007).

In Eq. (3), the S,;; source term represents additional surface stresses that appear from the axisymmetric formulation.
The contribution is only to the y-momentum equation to counterbalance the pressure and viscous forces acting on the side
surfaces of the control volume. Hence, .S,,; is given by

Suwi={0 o 0 [pr2u (- 35u)] 2 0 O}T , (12)

where Z5 is the radial coordinate measured from the axis of symmetry to the cell centroid. For the axisymmetrical flow,
the dilatation term is defined by

c?uk - 8u1 311,2 8u2 (13)
oxy, a 0x1 0xo 0o ’
where z; and x5 are the axial and radial directions, respectively.

The source term S, in Eq. (3), represents the rates of mass production of the chemical species from the chemical
reactions and given by

Sew={ar ... on 0 0 0 0 &} (14)

where w,, is the vibrational energy source term, and the terms wy, ..., wy represents the mass production rates of the NV
species due to the chemical reactions.

2.3 Chemical Species and Model of Chemical Reactions

Phenomena associated with chemical reactions, such as dissociation, recombination, and ionization, caused by high-
enthalpy flows change the flow gas mixture composition. Some chemical models developed aim to represent the high-
enthalpy phenomena according to the complexity of the flow physics and chemical reactions (Gnoffo et al., 1989). The
present work uses an 11-species model to describe the atmosphere of the Earth. This model considers the species: Nj, O,
NO, N, O, N,*, 0,", NO*,N*, O*, and e~ . Moreira et al. (2021) work shows the difference between the 5- and 11-species
chemical models on the heat flux at the stagnation point.

The general equation for the dissociation and ionization reactions of the chemical model is described as

Zars = Zﬂrs P (15)

where s represents the chemical specie, o, s is the stoichiometric coefficient of the reagents, and f3,.5 is the stoichiometric
coefficient of the products. To standardize the form of the reactions, they are written so that the right arrow indicates an
endothermic reaction. The chemical production rate of the s-th specie is given by

nr N Qs N Brs
ws = M, Z (ﬁ'r‘s - O(rs) |fff7 H (][\)j) - Ifbr H (];\)j ) ] s (16)
— s s

s=1 s=1

where k.. is the forward reaction rate, and £y, is the backward reaction rate.
The Ky, is defined by the relation of k¢, and ky, with the equilibrium constant k.4 and written as

Ky (Te) = kfr(Tc)/keq(Tc) . (17)
The k(1) values are calculated using Arrhenius curve fits as
kg = AT* exp (-6, /T,) , (18)

where A is the pre-exponential factor, 7, is the temperature dependence, and 6,. is the activation energy. The present work
uses the forward rate coefficients proposed by Park (1993).
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To calculate the values of k.q(T.), Park (1989) presents a curve fitted polynomial defined as

T. 10 10 1042
Aq (104>+A2+A31n(TC)+A4(TC>+A5<TC>

where the coefficients A, Ay, A3, Ay, and Ay are functions of the flow particle number density within the range of the
data tabulated in Park (1989). In cases where the values of number densities are outside de valid range, the formulation
uses the maximum and minimum values tabulated accordingly.

The non-equilibrium occurs when the timescale of the flow movement is in the same order of magnitude as the
relaxation time required to achieve the equilibrium state. Thus, models considering a finite rate of chemical reactions are
appropriate to account for the non-equilibrium effects. A widely used model due to its simplicity is the two-temperature
model proposed by Park (1989). Park’s model defines the control temperature, 7, used to calculate the forward and
equilibrium rates as 7, = TAT?,, where a and b = 1 — a are the non-equilibrium weight factors that control the energy
transfer between dissociation and ionization reactions.

The control temperature 7. combines the coupled temperatures 73, and T, to control the dissociation reactions. This
formulation accounts for the fact that vibrationally excited molecules are more likely to dissociate (Park, 1989). Park
(2010) shows that the value o a is taken to be between 0.5 and 0.7. Niu et al. (2018) presents an analysis for a = 0.5 and
a = 0.7, values considered standard by the literature, and three different chemical models over a blunt body configuration.
Also, it shows that the weight factors have a significant role in the distribution of the 7}, in the non-equilibrium process.

The present work uses a set of values of a ranging from 0.4 to 0.8 by a step of 0.1, which includes the commonly used
values in the literature. Moreover, the work performs the weight factor analyses on three different flow conditions based
on instants along the FIRE II reentry trajectory.

keq = exp s (19)

3. NUMERICAL FORMULATION

The present work uses the LeMANS parallel code developed at the University of Michigan (Scalabrin, 2007). The code
solves the Navier-Stokes equations using a finite volume method with a cell-centered approach. Furthermore, LeMANS
is capable of axisymmetric flow using meshes composed solely of quadrilaterals to better resolve the boundary layers and
shock waves.

The LeMANS code uses a modified Steger-Warming flux vector splitting scheme to discretize the inviscid fluxes
across cell faces (MacCormack and Candler, 1989). The method switches to the original Steger-Warming scheme at the
shock wave by a pressure switch (Steger and Warming, 1981). The modified version is less dissipative and yields better
results along the boundary layer, while the original is more dissipative and better suited for the shock wave. The solver
implements a second-order reconstruction of the inviscid fluxes, as presented in Scalabrin (2007).

The code calculates the viscous fluxes using a second-order centered scheme that combines properties at cell centers
and nodes. The solver evaluates the values of properties at the nodes using a simple average of the cell values that share the
node. This method increases the stencil employed in the derivative calculations, avoiding loss of accuracy in unstructured
meshes. The formulation uses a no-slip velocity boundary condition with a catalytic isothermal wall at the solid surfaces
for the analyses performed in this work. Moreira ef al. (2021) present more information about the influence of catalytic
and non-catalytic wall conditions.

The spatial discretization of the source term is the same as the one used for the viscous terms. The code calculates
values of properties on the left and right sides of a volume face using the value of the respective volume centroid and
values of properties of the nodes that compose the control volume (Jawahar and Kamath, 2000). One possible numerical
problem associated with the source term is that chemical reaction rates can achieve large values depending on the control
volume temperature, especially for low equilibrium constant values, k., (Park, 1988). Another problem relates to the
density of the chemical species, which needs to be positive. Negative values lead to a change of the source term sign,
thus numerical instabilities. During the convergence process of the solver, the calculation procedure of the density at a
given control volume with a small density value can lead to negative values for some species. To overcome any problems
in the source terms calculation, the solver uses a modified temperature to numerically obtain the chemical reaction rates
(Scalabrin, 2007).

Numerical instabilities may also appear with explicit methods for the time integration of the Navier-Stokes equations
including the source terms. In such cases, the time step restriction due to numerical stiffness does not allow an adequate
iteration time to achieve convergence of the solution (Hirsch, 2007). For steady-state solutions, implicit schemes for time
integration improve efficiency and robustness. Moreover, it allows for larger time steps while avoiding the growth of
numerical instabilities. The solver uses a line implicit method for the time integration (Venkatakrishnan, 1995).

4. RESULTS

Freestream conditions used in the simulations are based on experimental data from the FIRE II reentry trajectory
and described in Tab. 1. In the referenced table, ¢ is the trajectory time in seconds counted from launch on the ground,
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H is the flight altitude, p is the freestream density, T, and T, are the freestream and FIRE II surface temperatures,
respectively, U is the flow speed, R,, is the radius of the thermal protection, M, is the freestream Mach number, Re,
is the reference Reynolds number, and Kn is the freestream Knudsen number.

Table 1: Freestream flow conditions.

t(s) H(km) poo(kg/m?) To(K) Tuw(K) Us(m/s) Rp(m) My Reo Kne

1,636 71.02 8.57 x 10~5 210 810 11,310 0.935 38.85 2.19x 10* 2.63x 1073
1,645 48.37 1.32 x 1073 285 1,520 9,830 0.805 28.99 2.17x10° 1.97x 10~*
1,648 41.60 3.25 x 1073 267 503 8,100 0.702 24.68 4.32 x 10° 8.46 x 107°

4.1 Computational Grid

The grids used for the numerical simulations performed in the present work are composed solely of quadrilaterals.
The grids made for each thermal shield of the FIRE II have two distinct regions of refinement, one for the thermal shield
wall and the other for the non-equilibrium region. The non-equilibrium grid refinement region must include the shock
wave and the thermodynamic non-equilibrium immediately behind it. This work defines the non-equilibrium refinement
region using the results from Moreira (2020) and Moreira et al. (2021). Based on the results from Moreira et al. (2023),
the present work uses a uniformly refined mesh at the non-equilibrium region with Re..;; = 5 and a stretching factor of
10% for a smooth transition to other mesh regions. The mesh at the vehicle wall uses Re.;; ~ 1 for the first cell and
a stretching factor of 5%. Table 2 shows the number of control volumes in the wall-normal and streamwise directions,
as well as the total number of grid control volumes for each case analyzed in the present work. Figure 1 represents
the meshes used for each condition analyzed in this work. Compared to Moreira et al. (2023), the present work mesh
refinement drastically increases the number of cells, thus the computational cost. However, the new mesh refinement
approach aims to yield better resolution of the flowfield properties in the non-equilibrium region.

Table 2: Mesh parameters.

H(km) Wall-normal direction Streamwise direction  Total

71.02 490 148 72,520
48.37 739 148 109,372
41.60 1,130 138 155,940
L i 12
08| 08 08
SO,B; Eo.s SO'G:
04 04 04
O,QL 02 02
0" 02 x% 02 002 % ‘02 002 b "oz
(a) H = 71.02 km. (b) H = 48.37 km. (c) H = 41.60 km.

Figure 1: Computational grids used in the simulations.

4.2 Shock Wave Position

Figure 2 shows the Mach number distribution along the stagnation streamline for each condition considered. The
results show the expected behavior of the shock wave when compared with Moreira (2020). From the results, it is
possible to observe a change in the shock wave position along the stagnation streamline, where the shock position tends
to move away from the wall as a increases. A higher value of a increases the forward chemical reaction rate value, thus
favoring the endothermic reaction, particularly the dissociation reaction. Higher values of a yield a higher contribution of
the translational-rotational temperature mode to the control temperature for the dissociation reactions.



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

el 27 — : X ‘

35 [ 1]
2% %

30f ] i ]
or | ] 20} ]

25 F 25 1

“20.1456 —0.1454 —0.1452 —0.1360 —0.1359

Mach Number
)
=]

Mach Number
—
3

Mach Number

—0.146 —0.144 —0.142  —0.140  —-0.138 —0.1362 —0.1360 —0.1358 —0.1356 —0.1354 —0.1352 —0.1234 —0.1232 —0.1230

X/R X/R X/R
(a) H = 71.02 km. (b) H = 48.37 km. (c) H = 41.60 km.

Figure 2: Mach number distributions at the stagnation streamline.

The translational-rotational temperature mode has higher values than the vibrational-electronic temperature mode, as it
is more easily excited (Boyd and Schwartzentruber, 2017). Therefore, the increase in the contribution of the translational-
rotational temperature mode on the chemical kinetics of the dissociation reactions leads to a change in the shock wave
position. The DSMC method could provide a reference for the shock wave position. However, for the cases studied, the
computational cost of running a DSMC simulation in high-density hypersonic flows would not be feasible for this paper.

4.3 Temperature Modes and Convective Heat Transfer

Figure 3 shows the temperature mode distributions along the stagnation streamline at the non-equilibrium region. Fig-
ures 3(a-b-c) represent the translational-rotational temperature mode and Figs. 3(d-e-f) represent the vibrational-electronic
temperature mode. Figures 3(a) and 3(d) are associated with the freestream condition at an altitude of 71.02 km, Figs. 3(b)
and 3(e) represent results for conditions at 48.37 km, and Figs. 3(c) and 3(f) represent results for conditions at 41.60 km.
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Figure 3: Temperature mode distributions in the non-equilibrium region.

The change in the weight factor value causes a difference in the maximum observed value of the temperature modes
at the non-equilibrium region for all cases addressed. The increase of a causes a decrease in the maximum values of
both temperature modes. The variation can be at a magnitude of thousands of Kelvin. As stated previously, the increase
in a makes 7, mainly controlled by the translational-rotational temperature mode, thus affecting the chemical kinetics
of the dissociation reactions. The endothermic reactions remove energy from the surroundings to occur. Therefore,
less energy goes into the excitation of the different energy modes considered in the present formulation, thus lowering
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the temperature modes. The trends observed in the current results show the expected behavior of a system that favors
endothermic reactions. In addition, the DSMC method could provide a reference temperature distribution, as presented
by Farbar and Boyd (2008). However, the DSMC approach treats the energy modes independently and distributes the
energy among them by collisions, while the present work assumes coupled energy modes.

Niu et al. (2018) present results for the translational-rotational and vibrational-electronic temperature modes for a blunt
body configuration at an altitude of 76 km. However, the reference work uses different body geometries. The freestream
Mach number used by the reference is 17.7, which also differs from the ones used in this work. The same authors use
the Park two-temperature model with weight factors of a = 0.5 and a = 0.7. Therefore, the direct comparison of values
is not valid, but the behavior of the temperature modes is. With this in mind, the results from this work show the same
behavior observed as the reference regarding the vibrational-electronic temperature mode. However, the present results
for the translational-rotational temperature mode indicate trends similar to the vibrational-electronic temperature mode.
The translational-rotational temperature mode results differ from the behavior presented by Niu ef al. (2018). Therefore,
the geometry and freestream conditions used in the present work may be sufficient to yield the appearance of the influence
of the change of a in the translational-rotational temperature mode distribution. This work analyzes cases with higher
freestream Mach number values in lower altitudes, which means higher freestream density than Niu ez al. (2018).

The freestream region and the region between the shock and the capsule thermal shield, except for the non-equilibrium
region, show an equilibrium flow behavior. In the equilibrium regions, the different temperature modes tend to have the
same value (Bird, 1994; Boyd and Schwartzentruber, 2017). The present work results for the mentioned regions show the
expected behavior indicated by the literature, and no significant change is observed in the temperature mode profiles.

Figure 4 shows results for the heat flux at the stagnation point of the flow at the vehicle surface. The results obtained
for each test case are close to each other, and their differences are negligible when compared with the magnitude of the
heat flux values. Thus, in Fig. 4, there is an overlap of the present computational results for the various values of the
weight factor. The differences between the results from the present work and the experimental data are related to the
fact that the stagnation heat flux values obtained in the present calculations only consider the convective portion. The
experimental data presented have an uncertainty of +20%, represented by the vertical bars. All the results presented are
in the error margin of the experimental data.
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Figure 4: Heat flux values at the stagnation point.

As stated, the change in a changes the chemical kinetic behavior of the flow, leading to changes in the shock wave
position and temperature distribution. In addition, changes occur in the gas mixture composition in the non-equilibrium
region. The increase of the weight factor a leads to an increase in the mass fraction of the products of the forward chemical
reactions, which are endothermic. These changes could directly affect the estimation of the stagnation point heat flux.
However, data from the literature seem to indicate that the primary effect of the mass fraction composition of the chemical
species is on the radiative portion of the heat flux (Boyd and Schwartzentruber, 2017). The present work results consider
only the convective component of the heat flux, and the results presented in Fig. 4 show that there is no significant change
in the convective heat flux at the vehicle’s stagnation point with the variation of the a coefficient. The research group has
been working on the development of a numerical tool to evaluate the radiative component of the heat flux, which would
be directly affected by the variation in the mass fraction of the chemical species present in the mixture. The study of the
effects of thermal radiation on non-equilibrium hypersonic flows is outside the scope of this work.

5. CONCLUDING REMARKS

This research investigated hypersonic reacting flows under thermodynamic non-equilibrium conditions. The Navier-
Stokes equations are solved, including source terms for the chemical reactions occurring in the studied flows. An 11-
species model simulates the atmosphere of the Earth. The solver uses a two-temperature model to account for the non-
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equilibrium phenomena, using the translational-rotational and vibrational-electronic temperature modes. The present
work analyzed the influence of the weight factors of the two-temperature model on the flow behavior. The presented
results are in terms of the Mach number and the two temperature modes along the stagnation line. In addition, the present
research included results for the heat flux at the stagnation point. This work results indicate good agreement with the
literature and experimental data.

The present work analysis aims to obtain data about the influence of the weight factors of the two-temperature model
on flow behavior. The results demonstrate that the changes in the weight factors cause changes in the flow behavior in
the non-equilibrium region. The shock wave position moves away from the vehicle body as a increases. The maximum
temperature observed for both temperature modes in the model tends to decrease as the value of a increases. This behavior
is related to the fact that a higher value of @ makes the control temperature more influenced by the translational-rotational
temperature mode, which typically has a higher magnitude of temperature than the vibrational-electronic mode. This
increase in the control temperature value favors the endothermic reactions. The influence of the change in the weight
factors over the heat flux at the stagnation point at the vehicle surface was negligible for all test cases analyzed in the
present work. The difference between the stagnation heat flux of this work and the experimental data is related to the fact
that the formulation used only contemplates the convective portion of the heat flux.

The value of a yields no significative difference to estimate the stagnation point convective heat flux. However, the
weight factor value significantly affects the temperature profiles at the non-equilibrium region, especially the maximum
temperature values. The present work cannot recommend any values of weight factors for the non-equilibrium region other
than those already suggested in the literature. It seems that additional experimental information on property distributions
would be necessary in order to provide a better calibration on the values of the weight factors. Nevertheless, the present
work has demonstrated that the variations in the property distributions arising from changing the weight factor values are
consistent with the expected physical behavior.
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