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Abstract: - This work describes the thermochemical non-equilibrium simulations of reactive flow in two-
dimensions. The Van Leer and Liou and Steffen Jr. schemes, in their first- and second-order versions, are
implemented to accomplish the numerical simulations. The Euler and Navier-Stokes equations, on a finite
volume context and employing structured and unstructured spatial discretizations, are applied to solve the “hot
gas” hypersonic flows around a blunt body, around a double ellipse, and around a reentry capsule in two-
dimensions. The second-order version of the Van Leer and Liou and Steffen Jr. schemes are obtained from a
“MUSCL” extrapolation procedure in a context of structured spatial discretization. In the unstructured context,
only first-order solutions are presented. The convergence process is accelerated to the steady state condition
through a spatially variable time step procedure, which has proved effective gains in terms of computational
acceleration (Maciel). The reactive simulations involve a Earth atmosphere chemical model of eleven species:

N, O, N2, O, NO, N*, 0%, N3, O, NO" and €, based on the works of Dunn and Kang and of Park. Thirty-

two, to the former, and fourth-three, to the latter, chemical reactions, involving dissociation, recombination and
ionization, are simulated by the proposed models. The Arrhenius formula is employed to determine the reaction
rates and the law of mass action is used to determine the source terms of each gas species equation. The results
have indicated the VVan Leer scheme as the most accurate one, both inviscid and viscous cases.

Key-Words: - Thermochemical non-equilibrium, Earth reentry, Eleven species model, Hypersonic “hot gas”
flow, Finite volume, Euler and Navier-Stokes equations, Two-dimensions.

1 Introduction order as the characteristic time of the fluid flow.
A hypersonic flight vehicle has many applications Similarly_, therm_al non—equilibriurr_l occurs When_ the
for both military and civilian purposes including characteristic time for translation and various
reentry vehicles such as the Space Shuttle and the internal energy modes to reach local equilibrium is
Automated Transfer Vehicle (ATV) of the European of _the same _order as t_he characteristic time of the
Space Agency (ESA). The extreme environment of fluid flow. Since ch_er_mcal and thermal changgs are
a hypersonic flow has a major impact on the design the results of collisions between the constituent
and analysis of the aerodynamic and thermal particles, no_n-equmbrlu_m e_ffects prevail in high-
loading of a reentry or hypersonic cruise vehicle. speed flows in low-density air.
During a hypersonic flight, the species of the flow In chemical non-equilibrium flows the mass
field are vibrationally excited, dissociated, and conservation equation is applied to each of the
ionized because of the very strong shock wave constituent species in the gas mixture. Therefore,
which is created around a vehicle. Because of these the overall mass conservation equation is replaced
phenomena, it is necessary to consider the flow to by as many species conservation equations as the
be in thermal and chemical non-equilibrium. number of chemical species considered. The
In high speed flows, any adjustment of chemical assqmptlon of thermal non_—equmbrlym introduces
composition or thermodynamic equilibrium to a additional energy conservation equations — one for
change in local environment requires certain time. every additional energy mode. Thus, the number of
This is because the redistribution of chemical governing equations for non-equilibrium flow is
species and internal energies require certain number much bigger compared to those for perfect gas flow.
of molecular collisions, and hence a certain A complete set of governing equations for non-
characteristic time. Chemical non-equilibrium equilibrium flow may be found in [1-2].
occurs when the characteristic time for the chemical Analysis of non-equilibrium flow is rather
reactions to reach local equilibrium is of the same complex because (1) the number of equations to be
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solved is much larger than the Navier-Stokes
equations, and (2) there are additional terms like the
species production, mass diffusion, and vibrational
energy relaxation, etc., that appear in the governing
equations. In a typical flight of the NASP (National
AeroSpace Plane) flying at Mach 15, ionization is
not expected to occur, and a 5-species air is
adequate for the analysis (see [3]). Since the
rotational characteristic temperatures for the
constituent species (namely N, O, N,, O, and NO)
are small, the translational and rotational energy
modes are assumed to be in equilibrium, whereas
the vibrational energy mode is assumed to be in
non-equilibrium.  [4]  has  simplified the
thermodynamic model by assuming a harmonic
oscillator to describe the vibrational energy. lonic
species and electrons are not considered. This
simplifies the set of governing equations by
eliminating the equation governing electron and
electronic excitation energy. [4] has taken the
complete set of governing equations from [1], and
simplified them for a five-species two-temperature
air model.

The problems of chemical non-equilibrium in the
shock layers over vehicles flying at high speeds and
high altitudes in the Earth’s atmosphere have been
discussed by several investigators ([5-8]). Most of
the existing computer codes for calculating the non-
equilibrium reacting flow use the one-temperature
model, which assumes that all of the internal energy
modes of the gaseous species are in equilibrium
with the translational mode ([7-8]). It has been
pointed out that such a one-temperature description
of the flow leads to a substantial overestimation of
the rate of equilibrium because of the elevated
vibrational temperature [6]. A three-temperature
chemical-kinetic model has been proposed by [9] to
describe the relaxation phenomena correctly in such
a flight regime. However, the model is quite
complex and requires many chemical rate
parameters which are not yet known. As a
compromise between the three-temperature and the
conventional one-temperature model, a two-
temperature chemical-kinetic model has been
developed ([10-11]), which is designated herein as
the TT, model. The TT, model uses one temperature
T to characterize both the translational energy of the
atoms and molecules and the rotational energy of
the molecules, and another temperature T, to
characterize the vibrational energy of the molecules,
translational energy of the electrons, and electronic
excitation energy of atoms and molecules. The
model has been applied to compute the
thermodynamic properties behind a normal shock
wave in a flow through a constant-area duct ([10-
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11]). Radiation emission from the non-equilibrium
flow has been calculated using the Non-equilibrium
Air Radiation (NEQAIR) program ([12-13]). The
flow and the radiation computations have been
packaged into a single computer program, the
Shock-Tube Radiation Program (STRAP) ([11]).

A first-step assessment of the TT, model was
made in [11] where it was used in computing the
flow properties and radiation emission from the
flow in a shock tube for pure nitrogen undergoing
dissociation and weak ionization (ionization fraction
less than 0.1%). Generally good agreement was
found between the calculated radiation emission and
those obtained experimentally in shock tubes ([14-
16]). The only exception involved the vibrational
temperature. The theoretical treatment of the
vibrational temperature could not be validated
because the existing data on the vibrational
temperature behind a normal shock wave ([16]) are
those for an electronically excited state of the

molecular nitrogen ion N3 instead of the ground

electronic state of the neutral nitrogen molecule N,
which is calculated in the theoretical model. The

measured vibrational temperature of N; was much

smaller than the calculated vibrational temperature
for N,.

In 2012, [17-18] started to research the high
temperature gas effects in the Earth atmosphere.
They have presented a numerical tool implemented
to simulate inviscid and viscous flows employing
the reactive gas formulation of thermal and
chemical non-equilibrium. The Euler and Navier-
Stokes equations, employing a finite volume
formulation, on the context of structured and
unstructured spatial discretizations, were solved.
These wvariants have allowed an effective
comparison between the two types of spatial
discretization aiming verify their potentialities:
solution quality, convergence speed, computational
cost, etc. The aerospace problem involving the
hypersonic flow around a blunt body, in two-
dimensions, was simulated. The reactive simulations
have involved an air chemical model of five species:
N, O, N,, O, and NO. Seventeen chemical reactions,
involving dissociation and recombination, were
simulated by the proposed model, suggested by
[19]. The Arrhenius formula was employed to
determine the reaction rates and the law of mass
action was used to obtain the source terms of each
gas species equation. Good results were obtained.

In 2012 yet, [20-21] have presented a numerical
tool implemented to simulate inviscid and viscous
flows employing the reactive gas formulation of
thermochemical non-equilibrium using a seven

Issue 2, Volume 8, April 2013



WSEAS TRANSACTIONS on HEAT and MASS TRANSFER

species chemical model. The Euler and Navier-
Stokes equations, employing a finite volume
formulation, on the context of structured and
unstructured spatial discretizations, were solved.
The aerospace problem involving the hypersonic
flow around a blunt body, in two-dimensions, was
simulated. The reactive simulations have involved
an air chemical model of seven species: N, O, N,
0, NO, NO" and €. Eighteen chemical reactions,
involving dissociation, recombination and
ionization, were simulated by the proposed model.
This model was suggested by [22]. The Arrhenius
formula was employed to determine the reaction
rates and the law of mass action was used to
determine the source terms of each gas species
equation. Good results were obtained.

This work, first of this study, describes a
numerical tool to perform thermochemical non-
equilibrium simulations of reactive flow in two-
dimensions, using an eleven species chemical
model. The [23-24] schemes, in their first- and
second-order  versions, are implemented to
accomplish the numerical simulations. The Euler
and Navier-Stokes equations, on a finite volume
context and employing structured and unstructured
spatial discretizations, are applied to solve the “hot
gas” hypersonic flows around a blunt body, around
a double ellipse, and around a reentry capsule in
two-dimensions. The second-order versions of the
[23-24] schemes are obtained from a “MUSCL”
extrapolation procedure in a context of structured
spatial discretization. In terms of unstructured
spatial discretization, only first-order solutions are
presented. The convergence process is accelerated
to the steady state condition through a spatially
variable time step procedure, which has proved
effective gains in terms of computational
acceleration (see [25-26]). In this paper, the
structured and unstructured formulations are shown,
whereas the results are presented in part two.

The reactive simulations involve an air chemical
model of eleven species: N, O, N,, O,, NO, N*, O,
N;, O;, NO" and e Thirty-two (32) or Fourth-
three  (43) chemical reactions, involving
dissociation, recombination and ionization, are
simulated by the proposed models of [27-28],
respectively. The Arrhenius formula is employed to
determine the reaction rates and the law of mass
action is used to determine the source terms of each
gas species equation.

2 Navier-Stokes Equations
The reactive Navier-Stokes equations in thermal and
chemical non-equilibrium can be implemented on a
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finite volume context, in the two-dimensional space.
In this case, these equations in integral and
conservative forms can be expressed by:

QIde+jﬁ-ﬁdszjscvdv,with
oy, ! v

I_:>:(Ee_Ev)_iq—(Fe_Fv)_j»v 1)

where: Q is the vector of conserved variables, V is
the volume of a computational cell, F is the

complete flux vector, i is the unity vector normal
to the flux face, S is the flux area, Scy is the
chemical and vibrational source term, E. and F. are
the convective flux vectors or the Euler flux vectors
in the x and y directions, respectively, E, and F, are

the viscous flux vectors in the x and y directions,
respectively. The i and j unity vectors define the

Cartesian  coordinate  system.  Fifteen (15)
conservation equations are solved: one of general
mass conservation, two of linear momentum
conservation, one of total energy, ten of species
mass conservation and one of the vibrational
internal energy of the molecules. Therefore, one of
the species is absent of the iterative process. To the
present study, in which is chosen a chemical model
to the air composed of eleven (11) chemical species
(N, O, Ny, O, NO, N¥, 0%, N3, O;, NO" and ¢),
thirty-two (32) chemical reactions, due to the [27]
model, or fourth-three (43) chemical reactions, due
to the [28] model, this species can be either the N,
or the O,. To this work, it was chosen the N,. The
vectors Q, E., F., E,, F, and Scy can, hence, be
defined as follows ([4]):

p pu pv
pu pu’ +p puv
pv puv pvZ +p
e pHuU pHv
Py pu piVv
P2 poU paV
P4 p4su [SAY
Q=4ps n Ee=13 psu n Fo=y psv 15 (2

Ps peU PeV
P7 psU p7V
Pg pgu pgV
Py poU pgV
P10 P1oU P10V
P11 p1.U P11V
pey peyu peyVv
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in which: p is the mixture density; u and v are
Cartesian components of the velocity vector in the x
and y directions, respectively; p is the fluid static
pressure; e is the fluid total energy; p1, p2, P, Ps, Pes
P7, Pss Pos P10, P11 are densities of the N, O, O,, NO,
N*, 0%, N;, O}, NO" and e, respectively; H is the
mixture total enthalpy; ey is the sum of the
vibrational energy of the molecules; the t’s are the
components of the viscous stress tensor; gy and g,
are the frozen components of the Fourier-heat-flux
vector in the x and y directions, respectively; qx
and gy, are the components of the Fourier-heat-flux
vector calculated with the vibrational thermal
conductivity and vibrational temperature; psvsx and
psVsy represent the species diffusion flux, defined by
the Fick law;
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)

Wy

Zps (etl,s - ev,s )/‘Cs + z(bsev,s

s=mol s=mol

¢« and ¢y are the terms of mixture diffusion; ¢, x and
¢y, are the terms of molecular diffusion calculated
at the vibrational temperature; @, is the chemical

source term of each species equation, defined by the
law of mass action; e, is the molecular-vibrational-

internal energy calculated with the
translational/rotational temperature; and ts is the
translational-vibrational characteristic relaxation
time of each molecule.

The frozen components of the Fourier-heat-flux
vector, which considers only thermal conduction,
are defined by:

oT
—, (6
o (6)

where k¢rr is the mixture frozen translational /
rotational thermal conductivity, calculated conform
presented in section 4.4. The vibrational
components of the Fourier-heat-flux vector are
calculated as follows:

oT
Ui x =K 1r 8_X and g, =—K; r

oT. oT.
=K —2 and 0,, =—K;ye—, (7
qv,x f,VE ax q Yy f,VE 5 ( )
in  which  kivg is the mixture frozen

vibrational/electronic thermal conductivity and T, is
the vibrational temperature, what characterizes this
model as of two temperatures: translational /
rotational and vibrational. The calculation of k¢ g is
also presented in section 4.4.

The terms of species diffusion, defined by the
Fick law, to a condition of thermal non-equilibrium,
are determined by ([4]):
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aYMF,s aYMF,s

s ay ’
(8)

with “s” referent to a given species, Ywrs being the
molar fraction of the species, defined as:

M
Y — nspS/ S

MF s
Z P /M k
k=L

and D; is the species-effective-diffusion coefficient.
The diffusion terms ¢, and ¢, which appear in
the energy equation are defined by ([19]):

_pD

psvsx = and psvsy = _pD

S

(9)

(I) Zpsvsx s and (I)yzzpsvsy s ! (10)
s=1

being hs the specific enthalpy (sensible) of the
chemical species “s”. The molecular diffusion terms
calculated at the vibrational temperature, ¢,y and
dv,, Which appear in the vibrational-internal-energy
equation are defined by ([4]):

Zps sx''v,s and ¢v,y

s=mol

= zpsvsy v,s ! (11)

s=mol
with h s being the specific enthalpy (sensible) of the
chemical species “s” calculated at the vibrational

temperature T,. The sum of Eq. (11), as also those
present in Eq. (5), considers only the molecules of

the system, namely: N,, O,, NO, N3, O;, and NO".
3 Thermodynamics Properties

3.1. Definition of general parameters

p= RTZpS/MS

=poRT ..pc= Z“pS/MS
s=1

GziCS/MS,
s=1

= piCS/MS =
(12)

in which: o is the mixture number in kg-mol/kg and
Cs is the mass fraction (non-dimensional), defined by

Cs :ps/p'
ns
G:ZGS =0, =C,/M;

s=1
ns
mlxt ]/G M mixt — ZCS /Ms ; (138')
s=1
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e* = eV,S (TV = T) '

v,s

(13b)

with: o, being the number of kg-mol/kg of species
“s” and Mpmix IS the mixture molecular mass, in
kg/kg-mol.

3.2. Thermodynamic model

() Mixture translational internal energy:

er=Y 6.0, = ZDOTCT (T')dT'+ h"}cs
s=1 s=1

(14)

where: ers is the translational internal energy per
kg-mol of species “s”, in J/kg-mol. The specific heat
at constant volume per kg-mol of species “s” due to
translation, in J/(kg-mol.K), is defined by:

(T)=15R. (15)

st

Hence,
e, (T)=L5RT +h® e, (T)= Y o, (LERT +h°),
s=1
(16)

with: et being the translational internal energy per
unity of the gaseous mixture mass, in J/kg, and h°
being the formation enthalpy of the species “s” per
kg-mol of species, J/kg-mol. It is important to note
that:

=ics(1.5RT+h°)=ics[

> 6 (L5R.T+h)= e, (T) = Zc (L5R.T+h?),

s=1

0
5iT+h— =
M, M

N N

(17

3 ”

with: Rs being the gas constant of species and

hg being the formation enthalpy of species “s”

J/kg. The species formation enthalpy per g-mol of
species is specified in Tab. 1. As can be noted,
dividing each above term by the species molecular
mass and multiplying by 10°, it is possible to obtain
the formation enthalpy in J/kg. The species
molecular weights in g/g-mol are obtained from [3]
and are presented in Tab. 2.
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Table 1. Species formation enthalpy.

Species h°
(J/g-mol)
N 472,586.98
0] 249,132.10
N, 0.0
0, 0.0
NO 90,378.17
N* 1,881,582.46
o} 1,568,443.53
N;’ 1,526,905.61
o7 1,172,398.22
NO* 992,963.20
e 0.0

Table 2. Molecular weight of the chemical

species.
Species | Molecular Weight
(9/g-mol)
N 14.0
O 16.0
N, 28.0
0, 32.0
NO 30.0
N* 14.0
o} 16.0
N7 28.0
05 32.0
NO* 30.0
e 0.0005486

(b) Mixture rotational internal energy:

€r = ;eR,sGs ZSZ;I[L Cirs (T')dT'}GS =
Z GSJ: Cyrs(THdT", (18)

s=mol

where: eg; is the rotational internal energy per kg-
mol of species “s”, in J/kg-mol. The specific heat at
constant volume per kg-mol of species “s” due to
rotation, in J/(kg-mol.K), is defined by:

Cv,R,s =R= eR,s (T) =RT .. €r (T) = ZGSRT

s=mol
or ex(T)= D ¢R,T,

s=mol

(19)

with er being the rotational internal energy per unity
of gaseous mixture mass, in J/kg.
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(c) Mixture vibrational internal energy:

ey = Ye,0,= 3 0,] C,y (T)dT; with

s=mol s=mol

eev‘s/Tv 6 2
C,v.=C,y (T)=R———| =1, (20
v,V,s v,V,s( v) (eev‘s/Tv _1)2 ( TV J ( )

in which: ey is the vibrational internal energy per
unity of gaseous mixture mass, in J/kg; eys is the
vibrational internal energy per kg-mol of species
“s”, in J/kg-mol; C, s is the specific heat at constant
volume per kg-mol of species “s” due to vibration,
in J/(kg-mol.K); 6,5 is the characteristic vibrational
temperature of species “s”, in K; and T, is the
vibrational temperature, in K. The characteristic
vibrational temperature to each molecule is
specified in Tab. 3, obtained from [28]. It is
important to note that ey is also directly obtained
from the vector of conserved variables.

Table 3. Characteristic vibrational temperature
of the molecular species.

Species 0, (K)
N, 3,390.0
0, 2,270.0
NO 2,740.0
NS 3,390.0
07 2,270.0

NO" 2,740.0

It is important to note that the modes of
translational and rotational internal energy are
assumed completely excited and, hence, the specific
heats at constant volume to these modes are
temperature independent. The vibrational-internal-
energy mode is admitted not be completely excited,
and, hence, the vibrational specific heat at constant
volume is function of the vibrational temperature.
The expression above to C,y is due to [29] and is
the result of the hypothesis that the molecules can
be considered as harmonic oscillators. Note that
when the mode of vibrational internal energy is

completely excited, i.e., when T, >>0,., Cyvs =
R.

v,s!
(d) Species characteristic electronic temperatures
and degeneracies:

The complete eleven species model uses an

approximation to consider electronic contribution.
The degeneracies of the microstates that form the
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most probable macrostate are considered, together
with the characteristic electronic temperatures
associated with.

Table 4 presents the degeneracies and the
characteristic electronic temperatures. This is a form
to consider electronic contribution in the present
two-temperature  formulation; or better, one
considers two-temperature formulation as composed
of translational / rotational contribution and
vibrational / electronic contribution. In despite of
not considering a third temperature, electronic
temperature, one considers the traditional two-
temperature model and, in the transport properties
calculation, evaluates the electronic contribution.
Moreover, in the calculation of the vibrational
temperature the consideration of the electronic mode
is also taken into account, allowing a better
approximation of the electronic state. In the
determination of the boundary conditions, the total
energy is calculated based on the sums of the
vibrational and electronic  energies. These
procedures try to simulate the electronic
contributions, as emphasized above.

Table 4. Degeneracies and characteristic
electronic temperature of the species.

Species | Level 8. (K)
0.0
2.766469645581980 x 10*

4.149309313560210 x 10*

0.0
2.277077570280000 x 10>
3.265688785704000 x 10?
2.283028632262240 x 10*
4.861993036434160 x 10*

0.0

0.0
7.223156514095200 x 10*
8.577862640384000 x 10*
8.605026716160000 x 10*
9.535118627874400 x 10*
9.805635702203200 x 10*
9.968267656935200 x 10*
1.048976467715200 x 10°
1.116489555200000 x 10°
1.225836470400000 x 10°
1.248856873600000 x 10°
1.282476158188320 x 10°
1.33806093600000 x 10°
1.404296391107200 x 10°
1.504958859200000 x 10°

N

N,

O©CoOoO~NoOo Uk, WNREPLPOIPRPWOWNELOINDNEF, O

CoOBORUNNRPWOOWR Ok U wulo 5 a&la
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Table 4. Degeneracies and characteristic electronic
temperature of the species. (Continuation)

Species

Level

Es,i (K)

0,

0.0
1.139156019700800 x 10*
1.898473947826400 x 10*
4.755973576639200 x 10*
4.991242097343200 x 10°
5.092268575561600 x 10°
7.189863255967200 x 10*

NO

OCoO~NOOUTR,WNREFPOOOIRA,WNEO

0.0
5.467345760000000 x 10*
6.317139627802400 x 10*
6.599450342445600 x 10*
6.906120960000000 x 10*
7.049998480000000 x 10*
7.491055017560000 x 10*
7.628875293968000 x 10*
8.676188537552000 x 10*
8.714431182368000 x 10*
8.886077063728000 x 10*
8.981755614528000 x 10*
8.988445919208000 x 10*
9.042702132000000 x 10*
9.064283760000000 x 10*
9.111763341600000 x 10*

0.0
7.006835224000000 x 10*
1.881917961600000 x 102
2.203656871824000 x 10*
4.703183475776000 x 10*
6.731252222192000 x 10*
1.327190797527310 x 10°

0.0
3.858334678336000 x 10°
5.822349152848000 x 10*

N

RPBoo~vouarwnmroldRroloorwh RO

e e el o
oUlh wWN

0.0
1.318997164600000 x 10*

3.663323087728000 x 10*
3.668876760000000 x 10*
5.985304832000000 x 10*
6.618365920000000 x 10*
7.598991933064000 x 10*
7.625508560000000 x 10*
8.201018640000000 x 10*
8.416834920000000 x 10*
8.632651200000000 x 10*
8.920406240000000 x 10*
9.208161280000000 x 10*
9.222549032000000 x 10*
9.293768404400000 x 10*
9.639793840000000 x 10*
1.035918144000000 x 10°
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Table 4. Degeneracies and characteristic
electronic temperature of the species.
(Continuation)

Species | Level B, (K)

0.0
4.735440815760000 x 10*
5.837398741440000 x 10*
5.841427312000000 x 10*
6.229896616000000 x 10*
6.733467936000000 x 10*
7.121937240000000 x 10*

7.654284064000000 x 10

8.819691976000000 x 10*
8.891630736000000 x 10*
9.423977560000000 x 10*
9.495916320000000 x 10*
9.592026503360000 x 10*
9.985099888000000 x 10*
1.035918144000000 x 10°
0.0
7.508967768000000 x 10*
8.525462447640000 x 10*
8.903572570160000 x 10*
9.746982592400000 x 10*
1.000553049584000 x 10°
1.028033655904000 x 10°
1.057138639424800 x 10°

o

OO NOOOUOTPE WN B

NO*

-
o
NNNPFRPWOOWRIANMNDNNMNPPORAREE RPN DdMOPDMOOPA|Q

(e) Mixture internal energy:
€ine =€7 +Eg +€y, (21)

which is the internal energy per unity of mixture
mass, in J/kg.

(f) Frozen speed of sound:

ns 2.5R molecules
Com ‘ZGSC”RS ZG [1 5R  atomsand ej
B=Ro/C, B+p/p. (@2

The frozen speed of sound, in a thermochemical
non-equilibrium model, should be employed in the
calculation of the convective flux of the [23-24]
schemes. C,trs IS the specific heat at constant
volume due to translation and rotation; in other
words, C, trs is the sum of C, 1 with Cy g

(g) Determination of the translational/rotational
temperature:
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e
——ZCSC\,TRST+ZC ho+e, +e,

+%(u2 +v2),
(23)

to the two-dimensional case. Hence, noting that T is
constant at the right hand side of Eq. (23), it is
possible to write:

—%(u2 + VZ) , (24)

T=— ——Zc
ZCSCVTRS =

to the two-dimensional case;
(h) Determination of the vibrational temperature:

The vibrational temperature is calculated through an
interactive process employing the Newton-Raphson
method.

(i) Species pressure:
Applying the equation of a thermally perfect gas to
each species:

ps = psRsT ) (25)

where: p, =cp is the density of species “s”, R is
and T is the

[IP% L)

the gas constant to species s
translational/rotational temperature.

4 Transport Properties
4.1. Collision integrals to species i and j

In Table 5 are presented values of Log;o[z2(:?| and

Logm[ % 2’] to temperature values of 2,000 K and

4,000 K. The indexes i and j indicate, in the present
case, the collision partners; in other words, the pair
formed by one atom and one atom, one atom and
one molecule, etc. These data were obtained from

13].

The data aforementioned define a linear
interpolation to values of LoglO[nQ(" 9| as function

of Ln(T), with k =1, 2, through the linear equation:

Logyo[raH [T) = Logyo [x0* [T = 2,000K) +
slopex Ln(T/2,000), (26)

in which:
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slope = {Loglo[nQi(f‘j'k) ](T = 4,000K) — with the value of Q% in m”.
Log,o[r2% [T = 2,000K)}/Ln2. (27)

Table 5. Collision integrals to eleven chemical
species: N, O, N,, O,, NO, N*, 0", N3, O3, Table 5. Collision integrals to eleven chemical
NO*and e". species: N, O, N, O, NO, N*, 0%, N3, 07,
NO™ and e". (Continuation)

Pairs LoglO[nQﬁ” J LoglO[nQi‘i.'z’ J

Pairs Log,,[nQ% | | Log,[x2?? |

i i 2,000K | 4,000K | 2,000K | 4,000 K
N | N [-1408[-1411]-1474 | -14.82 | | | | 2000K]4000K ] 2000K ] 4000K
N | o [-1476] -14.86 | -14.69 | -14.80 O; | N |[-1466 | -14.74 | -14.59 | -14.66
N | N, [-1467] -1475] -1459 | -14.66 O, | O |[-1469 | -14.76 | -14.62 | -14.69
N | O, |-1466 | -1474 | -1459 | -14.66 O; | Np [ -1458 | -14.63 | -1451 | -14.54
N | NO | -14.66 | -14.75 | -14.67 | -14.66 O, [ O; | -14.60 | -14.64 | -1454 | -14.57
N N | -14.08 | -14.11 | -14.37 | -14.49 O, | NO | -14.59 | -14.63 | -14.52 | -14.56
N | O |-1434] -14.46 | -14.38 | -14.50 O, | N" | -14.34 | -14.46 | -14.38 | -14.50
N NT | 1434 | -12.19 | -14.38 | -14.50 0, O | -14.34 | -14.46 | -14.38 | -14.50
N | of [1434 | -12.19 | -14.38 | -14.50 O, | Ny [-1434 | -14.46 | -14.38 | -14.50
N | NO* [-14.34 | -14.46 | -14.38 | -14.50 O, | 07 [-14.34 | -14.46 | -14.38 | -14.50
N e -15.30 | -15.30 | -15.30 | -15.30 O, | NO" | -14.34 | -14.46 | -14.38 | -14.50
o N |-1476] -14.86 | -14.69 | -14.80 O, | e |-1552|-1539 | -15.52 | -15.39
0 o) 411 | -14.14 1 -14.71 | -14.79 NO N -14.66 | -14.75 | -14.67 | -14.66
0 N, | -14.63 | -14.72 | -1455 | -14.64 NO @) -14.66 | -14.74 | -14.59 | -14.66
O | O, | -1469 | -14.76 | -14.62 | -14.69 NO [ N | -1457 [ -14.64 | -14.51 | -14.56
O | NO | -1466 | -1474 | -1459 | -14.66 NO [ O | -14.59 | -14.63 | -14.52 | -14.56
o) N | -1434 | -14.46 | -14.38 | -14.50 NO | NO | -14.58 | -14.64 | -14.52 | -14.56
o) o | -1411 1 -1414 | -1450 | -14.58 NO | N° | -14.34 | -14.46 | -14.38 | -14.50
0 wT | -1434 | -14.46 | -14.38 | -14.50 NO | O | -14.34 | -14.46 | -14.38 | -14.50
o | o7 [“1434 | -14.46 | -14.38 | -14.50 NO [ N; | -14.34 [ -14.46 | -14.38 | -14.50
o | No* [“14.34 [ -14.46 | -14.38 | -14.50 NO | 07 | -14.34 | -14.46 | -14.38 | -14.50
o) e 1594 | -1582 | -15.94 | -15.82 NO | NO* | -14.18 | -14.22 | -14.38 | -14.50
N, N 1467 | -14.75 | -1459 | -14.66 NO e -15.30 | -15.08 | -15.30 | -15.08
N, | O |-1463 ] -1472 | -14.55 | -14.64 N* N [-14.08 | -1411 | -14.37 | -14.49
N, | N, |-1456 | -14.65 | -14.50 | -14.58 N" | O |-14.34 | -14.46 | -14.38 | -14.50
N, | O, |-1458 | -14.63 | -14.51 | -14.54 N | N, | -14.34 | -14.46 | -14.38 | -14.50
N, | NO | -1457 | -14.64 | -14.51 | -14.56 N" | O, | -14.34 | -14.46 | -14.38 | -14.50
N, N* | -1434 | -1446 | -14.38 | -14.50 N* NO | -14.34 | -14.46 | -14.38 | -14.50
N, | O [-14.34 | -14.46 | -14.38 | -14.50 N | N | -11.70 | -12.19 | -11.49 | -11.98
N, | N7 | -14.34 | -14.46 | -14.38 | -14.50 N* O | -11.70 | -12.19 | -11.49 | -11.98
N, | o3 [-14.34 ] -14.46 | -14.38 | -1450 N [ N7 | 1170 | 1219 | -1149 | -1198
N, | NO* [-14.34 | -14.46 | -14.38 | -14.50 N" | o7 |-1170 | -12.19 | -1149 | -11.98
N, e 1511 | -15.02 | -15.11 | -15.02 N* | NO" | -11.70 | -12.19 | -11.49 | -11.98

N | e [-112.70] -12.19 | -11.49 | -11.98

The value of nQ{%" is obtained from:

{Loglo[nggﬁvk>](T=2,000K)+s|ope<Ln(T/z.ooo)}«Lnlo

nQ ) (T)=e , (28)
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Table 5. Collision integrals to eleven chemical
species: N, O, N,, O,, NO, N*, O*, N3, 03,
NO™ and e". (Continuation)
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Table 5. Collision integrals to eleven chemical
species: N, O, N,, O,, NO, N*, O*, N3, 03,
NO™ and e". (Continuation)

Pairs LoglO[anﬂl) LoglO[nQ§j'2)

2,000K | 4,000K | 2,000 K | 4,000 K

J
NO* N -14.34 | -14.46 | -14.38 | -14.50
@)

rairs L0gs, [TEQ‘(’lfl) J Log,, [TEQ‘(’ZJ’Z) J NO* -14.34 | -14.46 | -14.38 | -14.50

i J 2,000K | 4,000K | 2,000K | 4,000 K NO* N2 1434 “14.46 14.38 14.50
O+ N -14.34 -14.46 -14.38 -14.50 NO* 02 -14.34 -14.46 -14.38 -14.50
o} O | -1411] -1414 | -14.45 | -14.58 no' | NO 1218 1222 | 1238 | 1450
O+ Nz -14.34 -14.46 -1438 -14.50 NO* N+ _11_70 _12.19 _11.49 -1198
o" | 0, |-14341]-14.46 ] -14.38 | -14.50 no' | of 1170 11219 [ 1149 | -1198
O | NO [ -14.34 ] -14.46 | -14.38 | -14.50 no' | ¢ [1L70 [ 1209 | 1149 | 1198
o" | N* [-11.70]-12.19 | -11.49 | -11.98 no' | of [1r70 [-12.19 | -ita9 | -iLos
o" | of [-11.70]-1219 | -11.49 | -11.98 no' | Not 70 o200 [1ia9 | 198
o" | n3 [-1270 | -12.19 | -11.49 [ -11.98 vo' | & Moo 1210 Tita0 T itos
O [ 03 | -AL170}-1219 | -11.49 | -11.98 e | N | -1530 | 1530 | -15.30 | -15.30
o | NO* [ -11.70 | -12.19 | -11.49 | -11.98 e | o Msor 58 1592 | 1582
o* e |-1170]-1219 [ -11.49 | -11.98 e | N, 1500 [-15.02 | 1511 | -15.02
Nz | N | -1434]-1219 | -14.38 | -14.50 e | 0, [-1552 | -15.39 | -15.52 | -15.39
Ny | O |-1434 ] -14.46 | -14.38 | -14.50 e | NO [ -15.30 | -15.08 | -15.30 | -15.08
N3 | N2 | -14.34 ] -14.46 | -14.38 | -14.50 e | N* | -11.70 | -12.19 | -11.49 | -11.98
N7 | O | -14.34 | -14.46 | -14.38 | -14.50 e | o [ -1170 [ -12.19 | -11.49 | -11.98
N | NO [-14.34 [ -14.46 [ -14.38 | -14.50 e | n3 [ 1270 [ 1219 | -11.49 | -11.98
N3 | NY [ -1170 | -12.19 | -12.49 | -11.98 e | o7 [-1170 | -12.19 [ -11.49 [ -11.98
N | o [-1170]-12.19 | -11.49 | -11.98 e | NO* | -12.70 | -12.19 | -11.49 | -11.08
N3 | N3 [-1170 | -12.19 | -11.49 | -11.98 e | e | -11.70 | -12.19 | -11.49 | -11.98
~ | o7 [-1170 ] -12.19 | -11.49 | -11.08
N7 | NO* [ -11.70 | -12.19 | -11.49 | -11.98 4.2. Modified collision integrals to the species
n: | e [Fr70 1219 [-1149 [-1198 iand j
DE N -14.34 | -12.19 | -14.38 | -14.50 [3-4] define the modified collision integrals to the
o3 | O |-1434]-1446] -1438 | -1450 species i and j as:
o7 | N, [-1434 ] -1446 | -14.38 | -14.50
07 | O [-1434] -14.46 | -14.38 | -14.50 ATy 8 \/EEQ@ and 218 \/E )
07 | NO [-1434 | -14.46 | -14.38 [ -14.50 W) =5y e T ] 5\ ZRT
o3 | N* [-1270 | -12.19 [ -11.49 [ -11.98 (29)
o3 | o° [-1070 [ -12.19 [ -11.49 | -11.98
o7 | n3 [1L70 [ -1219 [ 1149 | 1198 with:
of | of [-11.70 ] -12.19 | -11.49 | -11.98
of | No* [1L70 | 12.19 | -11.49 | -11.98 M =MiM; /(M; + M), (30)
0z e 1170 | 1219 | -11.49 | -11.98 being the reduced molecular mass. These integrals
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are given in m.s. With the definition of the modified
collision integrals to species i and j, it is possible to
define the mixture transport properties (viscosity
and thermal conductivities) and the species diffusion
property (diffusion coefficient).
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4.3. Mixture molecular viscosity

[4] defines the mixture molecular viscosity as:

ns

ot = D g
i=1 Z A(Z) (T)

(31)

where:

m; ZMi/NAV' (32)
being the mass of a species particle under study;

Nav = 6.022045x10% particles/g-mol, Avogadro
number. This mixture molecular viscosity is given
in kg/(m.s).

vibrational /
thermal

4.4. Translational,
electronic, and
conductivities

rotational,
electron

All thermal conductivities are expressed in
JI(m.s.K). [4] defines the mixture vibrational,
rotational and translational thermal conductivities,
as also the species diffusion coefficient, as follows.

(a) Translational thermal conductivity:

The mode of translational internal energy is
admitted completely excited; hence, the thermal
conductivity of the translational internal energy is
determined by:

ns-1 Gi
Boltzmann ns-1 !
- 'JGIAU +354XaleGeA|e(Tv)
=
(33)
in which:
Keotzmann = 1,380622 x 10%%J/K = Boltzmann
constant;
(1 M. /M )[0.45-2.54(M. /M .
Mo -2 M)

o (1+|v| M,

In this work is also implemented an alternate
translational thermal conductivity, which generates
a second version of the eleven species model. This
second version is referred in this text as the
“incomplete” model. The second option is defined
as:
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ns

15 c;
kT :ZkBoltzmannZ
= Za jo,A%(T)

=1

. (35)

(b) Rotational thermal conductivity:

The mode of rotational internal energy is also
considered fully excited; hence, the thermal
conductivity due to rotational internal energy is
defined by:

O.

kR = kBoltzmann Z ns—1 : (36)
i=mol Zc A(l) (M+o, A(l) (T,)
(c)Frozen translational / rotational thermal
conductivity:
Kir = Kr+Kg. (37)

(d) Thermal conductivity due to molecular vibration
and electronic excitation:

The mode of vibrational internal energy, however, is
assumed be partially excited. The vibrational /
electronic thermal conductivity is calculated
according to [1]. Firstly, one has to calculate the
contribution of each molecule to the conductivity:

Oi
S_ Z ns-1

=l Zc AY(T) +0,A0(T,)

(38)

To considerate the specific heat at constant volume
for the electronic contribution, it is necessary to take
into account the number of degeneracies of each
atom and molecule, as well the electronic
temperatures that each degeneracy is associated
with. The complete specific heat at constant volume
is defined as:

(39)

VE = ZCS (CV,V,S/R + Cv,E,s)'
s=1

with C,ys obtained from Eg. (20). The C,gs is
obtained by:

nzd gs {es i ] —ésyi/Tv /ﬂzd gS'iefés‘i/Tv _
i=0

(40a)
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2
nges'e Plt ngs'[ Slj 795I/T /(zgs| QSYI/TVJ )

(40b)
where: “s” is the species under consideration and
“nd” is the number of degeneracies of each
microstate. The vibrational / electronic thermal
conductivity is determined by:

I'(VE = I(Boltzmann X Cv,VE XS' (41)
To the incomplete model, one has:
(Covi /R
kV = kBoItzmann Z ns—1 e : ’ (42)

i=mol Zo A(T) +0,A0(T,)

=
(e) Thermal conductivity due to electron:

The electron conductivity is considered in the
complete model and is given by

15 c
ke = Z kBoltzmann ns . . (43)
Zc ATY(T,)
(f) Frozen vibrational / electronic  thermal
conductivity:

Kive = Kvetke. (44)

To the incomplete model,
Kive = Kv. (44)

4.5 Species diffusion coefficient

The mass-diffusion-effective coefficient, D;, of the
species “i” in the gaseous mixture is defined by:

2
D - o’M,(L-o;M,) | )

ns-1
2.93/Byy+0:/D;

j¢|

k T k T

Boltzmann Boltzmann ' v ( )

i A(l) (T) ie = A(l) (T,)

where: D;; is the binary diffusion coefficient to a
pair of particles of the species “i” and “j” and is

related with the modified collision mtegral conform
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described above, in Eq. (46). This coefficient is
measured in m%/s.
To the incomplete model, one has:

GzMi(l_GiMi)

ns
2.0i/Dy;
1

D.:

(47)

5 Chemical Model

The chemical models employed to this case of
thermochemical non-equilibrium are the eleven
species models of [27-28], using the N, O, N,, O,,
NO, N¥, 0%, N;, O;, NO" and e species. These
formulations use, in the calculation of the species
production rates, a temperature of reaction rate
control, introduced in the place of the translational /
rotational temperature. This procedure aims a
couple between vibration and dissociation. This

temperature is defined as: T, = TxT, , where T

is the translational / rotational temperature and T, is
the vibrational temperature. This temperature T,
replaces the translational / rotational temperature in
the calculation of the species production rates,
according to [28].

5.1. Law of Mass Action
The symbolic representation of a given reaction in

the present work follows the [30] formulation and is
represented by:

ns ns
D UA > D v A r=10, 0
s=1 s=1

The law of mass action applied to this system of
chemical reactions is defined by:

(48)

C.Os = MSZ(U; _Ulsr kfrH('\[jls J - ker('\[jls ) )
r=1 s=1 s S
(49)

where A, represents the chemical symbol of species

“s”, “ns” is the number of species of the present

study (reactants and products) involved in the
considered reaction; “nr” is the number of reactions

considered in the chemical model; v, e v, are the
stoichiometric coefficients to reactants and products,
respectively; k, = AT®e T and k, =DTF,
with A, B, C, D and E being constants of a specific
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chemical reaction under study [“ft” = forward
reaction and “br” = backward reaction]. It is

important to note that k,, =k, /k,, , with ke being

er !
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Table 7. Chemical reactions and backward

coefficients.

the equilibrium constant which depends only of the Backward
thermodynamic quantities. Reaction reaction rate Third
coefficients, Kg, body
(@) Dunn and Kang’s model: Cm3/6(m0|.82) or
cm’/(mol*.s)
The first chemical model is due to [27]. The 0,+M-20+M 3.00x10°T%> | N, NO
chemical reactions involve dissociation, 0,+0<30 7.50x10%T17°° -
recombination, exchange and ionization. 20,4520+ O, > 70x10°T 03 -
O+ Np<>20+ N, 6.00x10"°T%° |-
Ny+M<>2N+M 1.10x10*T?> | O,NO, O,
Table 6. Chemical reactions and forward N,+N<>2N+N 2.27x107T+ |-
coefficients. 2N,<>2N+N, 2.72x10%°T%° |-
NO+M«>N+0O+M 1.00x10°T*> [ O, N,
Reaction rele;t(:)tri\(/)vr{:l Ilrr(:lte Third NOrMoN+O+M 200x10 T~ | N.O. NO
101.0,(-3,580/T,
coefficients, ki, | body NO+OON | 100 T 7 | -
Cm3/(m0|_s) N,+O<~NO+N 1.56x10 -
02+M(—)20+M 3_60X1018T-1.Oe(-5-9‘500/T) N, NO C‘E"‘O(—) 02+O+ 7.80X1011T0'5 _
0,+0<»30 9.00x10°T e | No+N*<>N3+N 7.80x10"'T> | -
20,520+ O, 3. 24x10°T Logrosoon | NO"+O-NO+0" 1.50x10" -

O+ Np>20+ N, | 72007 e [ N,+O"<>N3+0 2.48x10°T%° | -
N2+M(—)2N+M 190X 101 T 0-2C113,000M) O, NO, 02 NO++02(—)NO+OE 1.80X1013T-0'5 _
N,+N<>2N+N I e I NO"+N<>NO+N" 4.80x10™ -
2Np<>2N+N, 4.70x107T e HY ] N+O->NO"+e° 6.70x10°T™° |-

NOTMONTOTM | 3900 T [0, N, 2005+ 8.00x10° T |-

NO+M(—)N+O+M 7 8OXLOZT Logt 15500 N, O, NO 2N<_>NE+e- 1.50X1022T-1'5 _
NO+0«<>0,+N 320x10°T e O+e'<>0"+2¢ 2.20x10°T*> | -
N,+ONO+N 700x107e 0 N+e<->N'+2¢” 2.20x10%°T*° | -
03+0c> 0,+0" | 292a07T Temomn 7 Oz+N2<—>NO+NO:+9' 1.00x10§2’T'z'Z -
N+N*<NI+N 2.02x10HTO8Lgt 000 N2+’\10<—>N2+NO +S 2.20x10 'Il'4 -

NO'+OwNO+OT | 3:63x10™T %00 1 NO '+0<>0,+N 1.00x10 -

N0 NI+O TG 0,#NONO* +0,+¢" 8.80x10°T2° | -
+ 4 154-0.17 4 (-33,000/T,

NO +0,0NO+O; 1.80)(10191-.0.9:((-61000/T)) - In this model, thirty-two chemical reactions are

NO™+NoNO+N" | 10007 e ™ ' simulated. These reactions involve dissociation,
N+O-NO +e° 1-4°X1°6T1'Sf('31'900m - recombination, exchange and ionization. It

20607+€° 160x107 T ] corresponds to ns = 11 and nr = 32. Table 6 presents

INONI+e 1.40x10%367800D - the values to A, B, C, D and E for the forward

Ot e'<—>O: e 36010 2 et TR0 | reaction rates of the 32 chemical reactions. Table 7

Nte ON 26 T TORI0 T T | presents the values to A, B, C, D and E for the
— T backward reaction rates.

0,+N<>NO+NO " +e 1.38x10°°T %% _

N2+NO(—)N2+NO++e' 2_zoxlo15T-o.3'se(-1os,ooo/T) B (b) Park’s mode];

NO++O(—)02+N+ 1.34x105T03gC77.270m) B

0,#NONO™+O,+& | 8.80x10™T -rgrioooon |~ The second chemical model is due to [28]. The

chemical reactions also involve dissociation,

recombination, exchange and ionization. [28] model

calculate the backward coefficients considering the
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equilibrium constant concept.
constant is calculated by:

The equilibrium

(Bl+BZ In(Z)+B3Z+BAZZ+Bsz3)

Edisson Savio De Gées Maciel, Amilcar Porto Pimenta

Table 8 presents the forward coefficients of the
chemical reactions. The B;, B,, Bz, Bs and Bs
constants are presented in Tab. 9 for each reaction.

k,=e 50 i . N
¢ (50) Table 9. Chemical reactions and equilibrium
where: constant coefficients.
Z = 10,0001T. T i e m S
0,+M<>20+M ‘ ‘ ‘ ‘ ‘
The backward reaction rate coefficient is determined NptNe>2N+N | 298 | 2o ) 980 ) 04 | 0o
by the f0”0W|ng equatlon N2+O (—>2N+O 1.858 -1.325 -9.856 -0.174 0.008
N2+M(—)2N+M 1.858 -1.325 -9.856 -0.174 0.008
k= kyk. (51) N, tNOw2N+NO | 78 | = | oo [ om [ oo
. . + +O+ 0.792 -0.492 -6.761 -0.091 0.004
Table 8. Chemical reactions and forward NOMoN+O+M —
coefficients NO+O<0,+N ' ' : : '
N2+O(—)NO+N 1.066 -0.833 -3.095 -0.084 0.004
Forward OE+O<—) 02+O+ -0.276 0.888 -2.180 0.055 -0.003
Reaction rea(-:ti-on rate Third N2+N+<—)N:-__+N 0.307 -1.076 -0.878 -0.004 -0.001
coeff|30|ents, Ksr, body NO +OwNO+O" | 0% | 1ot [+t [ 0132 [ oo
cm’/(mol.s - -
O +M<_)20+M > 90X1023(T.2,oe(.5-g‘7)50/T) N O N2+O+<—>NE+O 2.979 0.382 3.237 0.168 0.009
2 ' ’ + =+ 0.424 -1.098 -1.941 -0.187 0.009
NO*+0,<>NO+03
9.68x1022T 2% 59.750m mi‘) '83‘ NO +NN-+0 2061 | 0204 | 4263 | 0.119 | -0.006
02+M (_)20+M O+ ’ N:’ N+O(—)NO:+e_ -7.053 -0.532 -4.429 0.150 -0.007
e R
2 ' - ++ ) - e - ' e
4.98X102T L 5g(113.200m) 2N<_)N: €
N,+0 <>2N+0 -JoX e - O+e 0 +2¢ 6.113 | -2035 | -153LL | -0.073 | 0.004
N2+M(—)2N+M 3.70x10% T 1 6g(-113:200T) N2, 02 N+e'<—>N++2e' -3.441 -0.577 -17.671 0.099 -0.005
-1.6,(-113,200/T)
N,+NO<>2N+NO 4.98x107 7% -
2 8.30X10% T Lol 113.200m) N+ O+ . .
Nz+M<>2N+M O 6 Vibrational Model
N:_-,+ Oz, The vibrational internal energy of a molecule, in
NO Jikg, is defined by:
7.95x10%T 2075500 g’ ,\?6 ::II%
NO+M&N+O+M | F 2 NO N R 6
o, N:_., e _ sVYv,s (52)
05, NO* vs eev,s/Tv _1’
NO+OwO,+N 8.37X10126(_19'4?0/T) _ -
2
N,+O<>NO+N 6.44x10MT %30 obtained by the integration of Eq. (20), and the
07+0<> 0,+0° 6.85x10°T 0o2gr 18800 | vibrational internal energy of all molecules is given
= To0.18(.12.1007T) by
N2+N+<—)N:.+N 9.85x10T e -
NO++O(—)NO+O+ 2 75X10=T 001g(oL000m) B
+ 131-0.21 ,(-22,200/T) eV = ZCSeV,S " (53)
N,+O"<>N+0 6.33x107T°7¢ - et
NO++O N6+O_ 1 03X10IGT-O'Ue(_SZ‘AOO/T) B
> P . i -
NO'+N&NI+0O | L70x105T0et0m The heat flux due to translational-vibrational
N+O <—>NO: e T1.53x10°T0Tgr200m | _ relaxation, according to [31], is given by:
— 49(-80,600/T)
2005 +e 3.85x10°T%*% - .
2N<—>N5+e' 1.79x10°T%/7gl67500m) - _ ev,s (T) - ev,s (Tv )
O+e_(—)oi+29_ 3 goxl033-|--3.7se<-1§,500/n qT—V,s - ps T ! (54)
! - S
N +e'<—>N++2e' 2_50X1033T-3.aze(-le's,soo/T) _
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where: €. . is the vibrational internal

Vs energy
calculated at the translational temperature to the
species “s”; and 1, Is the translational-vibrational
relaxation time to the molecular species, in s. The
relaxation time is the time of energy exchange
between the translational and vibrational molecular

modes.

6.1. Vibrational
Millikan and White

characteristic time of

According to [32], the relaxation time of molar
average of [33] is described by:

rszrs“ﬂfwzixl ixl/rgf,fw, (55)
1=1 1=1

with:

rm_w is the relaxation time between species of
[33];

rlv"w
[33];

X, :CI/(NAVmI) and m, =M;/N,, . (56)

is the vibrational characteristic time of

6.2. Definition of )" :

For temperatures inferior to or equal to 8,000 K,
[33] give the following semi-empirical correlation to
the vibrational relaxation time due to inelastic
collisions:

M-W
s,

_ (E]e[AS" (T¥_0.015:% J-1842] ’ (57)
P

where:

B = 1.013x10°Ns/m? ([34]);
Py is the partial pressure of species “I” in N/m?;

A, =1.16x10°pg/ %053 ([34]); (58)
_ MM, (59)
Ha M, +M,’

being the reduced molecular mass of the collision
partners: kg/kg-mol;
Tand 6, in Kelvin.

6.3. Park’s correction time
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For temperatures superiors to 8,000 K, the Eqg. (57)
gives relaxation times less than those observed in
experiments. To temperatures above 8,000 K, [28]
suggests the following relation to the vibrational
relaxation time:

T, = , 60
) aSGVnS ( )
where:
8R. T
Eo=—, (61)
T
being the molecular average velocity in m/s;
2
s, =1020[wj , (62)

being the effective collision cross-section to
vibrational relaxation in m?; and

nS:pS/mS’ (63)
being the density of the number of collision particles
of species “s”. p in kg/m® and m; in kg/particle,
defined by Eg. (56).

Combining the two relations, the following
expression to the vibrational relaxation time is
obtained:

(64)

[28] emphasizes that this expression [Eq. (64)] to
the vibrational relaxation time is applicable to a
range of temperatures much more vast.

6.4. Vibrational/electronic source terms

First of all, one needs to determine the electronic
energy of atoms and molecules. This energy is taken
into account considering the degeneracies and the
electronic characteristic temperature. Such terms are
described as follows:

nd _ _
Z gs,i esvieie“ M
= (65)

nd oo

—0s,i /T,
ng,ie T
i=0

eel,s = Rs

where “s” defines a molecular species. The non-
preferential mode to create or destroyer a molecular
system is defined by:

Dv,s = (bs (ev,s + eel,s ) (66)
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The preferential mode is determined by:
Dv,s = d)s (el X Dd + eel,s) (67)

where the molecular dissociation potential
assumes the following values:

D

Table 10. Dissociation potential.

Species Dy
N, 3.36 x 10’
0, 1.54 x 107
NO 2.09 x 10’
NG 3.00 x 10’
0; 2.01x 107
NO* 3.49 x 10’

The €, parameter assumes a typical value of 0.3.
The third source term is due to electron work,
defined by:

Tor =pr(e‘)x(2x—u+ﬂj (68)

oy

The fourth term is due to electron impact
ionization, considering the ionization reactions
involving electrons. These equations are defined by:

O+ee>0™+2e” and N+eoN'+2e".

This term is specified considering the forward
reaction rate coefficients of such reactions. Hence,
Tion = npell(N) + npez I(O) (69)
with npe; and npe, representing the forward reaction
rate coefficients and I(N) and I(O) are the ionization
potentials of each species. The value of I(N) is 1.40
x 10° and of 1(0) is 1.31 x 10°. The forward reaction
rate coefficients are calculated with the vibrational /

electronic temperature. The resulting source term is
thereafter calculated by the following expression:

Sv = z qT—V,s + ZDV,S _Tpr _Tion

s=mol s=mol

(70)

The incomplete eleven species model considers only
the two sums in the above equation.

7 Numerical Algorithms

7.1 Structured algorithms
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The approximation of the integral equation (1) to a
rectangular finite volume vyields a system of
ordinary differential equations with respect to time:
Vi,j in,j/dt = _Ci,j’ (71)
with C;; representing the net flux (residue) of
conservation of mass, of linear momentum, of total
energy, of species mass conservation, and of

vibrational energy in the V;; volume. The cell
volume is defined by:

Vij= 0-5‘(Xi,j _Xi+],j))'i+1,j+1+(xi+l,j _Xi+1,j+1>)/i,j +(Xi+1,j+l_xi,j)Yi+l,j‘ +
0-5|(Xi,j - Xi+l,j+1>)’i,j+1 + (Xi+1,j+1 - Xi,j+1))’i,j + (Xi,j+1 - Xi,j))’i+1,j+1| )

(72)

where a structured computational cell, its nodes and
flux surfaces are defined in Fig. 1.

A+ 1102 (i+1,1+1]
i-1/2,] % 142 ]
(1.1)
Gp  ig-142 (i+1,9)

Figure 1. Structured computational cell.

As shown in [24], the discrete convective flux
calculated by the AUSM scheme (“Advection
Upstream Splitting Method”) can be interpreted as a
sum involving the arithmetical average between the
right (R) and the left (L) states of the (i+1/2,j) cell
face, related to cell (i,j) and its (i+1,j) neighbour,
respectively, multiplied by the interface Mach
number, and a scalar dissipative term. [35] have
suggested that the flux integrals could be calculated
defining each part, dynamic, chemical and
vibrational, separately. Hence, to the (i+1/2,j)
interface, considering the dynamical part of the
formulation:

pa pa
1 pau pau

Ri+1/2,j=|si+1/2’j 5 V2 oav + pav (73a)
paH) | paH

R
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pa pa 0
1 pau pau S,p
__¢i+1/z,j - + . (73Db)
2 pav pav S,p
paH Jo  (paH ), 0 Jiareg

The components of the unity vector normal to the
flux interface and the area of the flux interface “1”,

n}, ny and S', are defined as:

nl, = Ay, /(ax? +ay?)*,
n, =—Ax|/(Ax|2 +Ay|2)0'5,

S'= (Axf +Ay,2)0'5. (74)

Expressions to Ax; and Ay, are given in Tab. 11. The
area components are obtained by the product of the
respective normal vector component and the area S.

Table 11. Values of Ax; and Ay, to the structured case.

Interface AX Ay
I=(i,j-1/2) Xiaj ~Xij Yij ~ Vi
I= (i+1/2’j) Xi+l,j+1 - Xi+1,j yi+l,j+1 - yi+l,j
I=(j+1/2) Xijr X | Yijun ~Yiwga
I=(i-1/2))) Xii ~ Xijn Yii = VYij
The “a” quantity represents the frozen speed of

sound. M.y, defines the advection Mach number at
the (i+1/2,j) face of the (i,j) cell, which is calculated
according to [24] as:

M, =M{ + Mg, (75)

where the separated Mach numbers M*" are defined
by the [23] formulas:

M, if M>1,
M* =|0.25M +1)*, if [M|<1;
0, if M<-1;
0, if M>1;
M~ =|-0.25M-1), if [M|<L,  (76)
M, if M<-1.

M_ and Mg represent the Mach number associated
with the left and right states, respectively. The
advection Mach number is defined by:
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M=(S,u+ Syv)/(|S|a).

The pressure at the (i+1/2,j) face of the (i,j) cell
is calculated by a similar way:

(77)

P =PL +Pg> (78)

with p*~ denoting the pressure separation defined
according to the [23] formulas:

p, if M>1
p*=|0.25p(M+1f(2-M), if M| <%,
| 0, if M<-1;
[0, if M1
p =|025(M-1f(2+M), if [M|<1;  (79)
P, if M<-1.

The definition of the dissipative term ¢
determines the particular formulation of the
convective fluxes. According to [36], the choice
below corresponds to the [23] scheme:

‘Mi+1/2,j' if‘Mnuz,j‘ZL

O = Mi+1/2,j‘ +05(M, -1, ifO<My, ;<L
‘Mi+1/2,j‘+0-5(ML +1)2, if —1< Mi+1/z,j50§

(80)

and the choice below corresponds to the [24]
scheme:

Ois1r2,j=Misisajls (81)

the discrete-chemical-convective flux, to an eleven
species chemical model, is defined by:

pid psa psa pia
p,a pya p,a poa
pqa pqa pqa pqa
psa psa psa psa
Ri+1/2,j:‘s‘i+1/zj %Mi+1/2,j E:Z + Ej: _%¢i+1/2,j E:Z - E::
P pgd Pl Psd
Pyd pya pya Pya
Prod | | Prod Prod P1od
[\P1d) \P1id)p | [P ) \Prid)| |
(82)
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and the discrete-vibrational-convective flux is
determined by:

1
Rii1a] :|S|i+1/2,j{§M +(peva)R]

_%¢i+1/2,j[(peva)R _(peva)L]}' (83)

i+1/2,] [(peva)L

The time integration is performed employing the
Runge-Kutta explicit method of five stages, second-
order accurate, to the three types of convective flux.
To the dynamic part, this method can be represented
in general form by:

Q(O) Q(n)
Q(k) Q(O)
Q(ﬂ+l) Q(k)

JRQ )V, (84

to the chemical part, it can be represented in general
form by:

Q(O) Q(n)
Q(k)_Q(O) (xkAti,j[ ( (k 1))/\/IJ
Q(n+1) Q(k)

@)

(85)

where the chemical source term S¢ is calculated
with the temperature T,.. Finally, to the vibrational
part:
Q(O) Q(n)
Q(k) Q(O)—oc At [ ( (k 1))/\/IJ
1 k
Qi(,r}+) :Qi(,j)

)

(86)

in which:

S - ZqT V,s + ZSCS V,s ! (87)

s=mol s=mol

for the incomplete model; and according to Eq. (70)
for the complete model. The Runge-Kutta method
usesk=1,...5; 01 =1/4, o, = 1/6, 03 = 3/8, oy = 1/2
and os = 1. This scheme is first-order accurate in
space and second-order accurate in time. The
second-order of spatial accuracy is obtained by the
“MUSCL” procedure.
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The viscous formulation follows that of [37],
which adopt the Green theorem to calculate
primitive variable gradients. The viscous vectors are
obtained by arithmetical average between cell (i,j)
and its neighbours. As was done with the convective
terms, there is a need to separate the viscous flux in
three parts: dynamical viscous flux, chemical
viscous flux and vibrational viscous flux. The
dynamical part corresponds to the first four
equations of the Navier-Stokes ones, the chemical
part corresponds to the following ten equations and
the vibrational part corresponds to the last equation.

7.2 Unstructured algorithms

The cell volume on an unstructured context is
defined by:

Vi = 0'5‘(anyn2 + yn1Xn3 + Xn2yn3)_ (Xn3yn2 + yn3xn1 + anynl) ’
(88)

with ng, n, and n; being the nodes of a given
triangular cell. The description of the computational
cell and its nodes, flux interfaces and neighbors are
shown in Fig. 2.

Figure 2. Unstructured computational cell.

The area components at the “I” interface are

defined by:

s,=ns' and s, =n,s', (89)
where n), n} and S'are defined as:

) =y, /(a5 +ayEf°,
nj, =- Ax,/(Axl2 + Ay,z)o'5 ;
S = (Ax,2 + Ay? )0'5. (90)
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Table 12. Values of Ax; and Ay,.

Interface AX Ay,
=1 Xn2 =Xm Yn2 = ¥Ym
=2 Xn3 = Xn2 Yn3 —Yn2
=3 Xn1 —Xp3 Yn1 —Yn3

Expressions to Ax, and Ay, are given in Tab. 12.
Considering the two-dimensional and unstructured
case, the algorithm follows that described in section
7.1. Hence, the discrete-dynamic-convective flux is
defined by:

pa pa pa pa
au au au au
R, =[5, S| P P Ly e P
2 7| pav pav 27| pav pav
paH) — (paH), paH ), \paH)
0
S
+ P : (91)
S,p
0

the discrete-chemical-convective flux is defined by:

pid ps pid pid
P, (L pa2 poa
Pqa s P4 (e
Psd Psd Psd Psd

Rlz‘s‘l EMl Po? + Pt _Ed)l Pl | _| Pl ’
psa psa 2 ps2a psa
P P Pgd Pgd
Pya Pya pya pyd
P1od P1od P10d P1od

P12, \Puad)g | \Pid ) \P1id)| |
(92)
and the discrete-vibrational-convective flux is

determined by:

1 1
Rl - |S|1{E Ml[(peVa)L + (peva)R ] - E ¢1[(peva)R - (peva)L ]}
(93)
The time integration is performed employing the

Runge-Kutta explicit method of five stages, second-
order accurate, to the three types of convective flux.
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To the dynamical part, this method can be
represented in general form by:

Q@ =™
QY =Q —a, AL RQI )V,
Q_(n+l) — Q(k)

(94)

to the chemical part, it can be represented in general
form by:

Q =Q!"
QY =QY -, At [RIQIV )V, -5, (Q%?)], (95)
Qi(n+l) — Ql(k)
where the chemical source term Sc is calculated

with the temperature T,.. Finally, to the vibrational
part:

Q¥ =Q"
Q= QP -t R, -5, ] o8
Qi(n+1) _ Qi(k)

in which:

Sv = ZqT—V,s + Zsc,sev,s :

s=mol s=mol

(97)

for the incomplete model; and according to Eq. (70)
for the complete model. The Runge-Kutta method
usesk=1,...5; a, = 1/4, o, = 1/6, 0.3 = 3/8, oy, = 1/2
and os = 1. This scheme is first-order accurate in
space and second-order accurate in time.

8 MUSCL Approach

Second order spatial accuracy can be achieved by
introducing more upwind points or cells in the
schemes. It has been noted that the projection stage,
whereby the solution is projected in each cell face
(i-1/2,j; i+1/2,)) on piecewise constant states, is the
cause of the first order spatial accuracy of the
Godunov schemes ([38]). Hence, it is sufficient to
modify the first projection stage without modifying
the Riemann solver, in order to generate higher
spatial approximations. The state variables at the
interfaces are thereby obtained from an
extrapolation between neighboring cell averages.
This method for the generation of second order
upwind schemes based on variable extrapolation is
often referred to in the literature as the MUSCL
(“Monotone Upstream-centered Schemes for

Issue 2, Volume 8, April 2013



WSEAS TRANSACTIONS on HEAT and MASS TRANSFER

Conservation Laws”) approach. The use of
nonlinear limiters in such procedure, with the
intention of restricting the amplitude of the
gradients appearing in the solution, avoiding thus
the formation of new extrema, allows that first order
upwind schemes be transformed in TVD (“Total
Variation Diminishing”) high resolution schemes
with the appropriate definition of such nonlinear
limiters, assuring monotone preserving and total
variation diminishing methods. Details of the
present implementation of the MUSCL procedure,
as well the incorporation of TVD properties to the
schemes, are found in [38]. The expressions to
calculate the fluxes following a MUSCL procedure
and the nonlinear flux limiter definitions employed
in this work, which incorporates TVD properties,
are defined as follows.

The conserved variables at the interface (i+1/2,))
can be considered as resulting from a combination
of backward and forward extrapolations. To a linear
one-sided extrapolation at the interface between the
averaged values at the two upstream cells (i,j) and
(i+1,)), one has:

QiL+1/2,j =Qi; +§( i _Qi—l,j)’ cell (i,j);  (98)

QiR+1/2,j = Q] _E(an,j _Qi+l,j)v cell (i+1,), (99)

leading to a second order fully one-sided scheme. If
the first order scheme is defined by the numerical
flux

(Qu QH—lJ) (100)

|+l/2]

the second order space accurate numerical flux is
obtained from

|(+21)/21 (Q|+1/2] Q|+1/2 J) (101)

Higher order flux vector splitting methods, such as
those studied in this work, are obtained from:

Fi(+21)/2,j =F" (QiL+1/2,j )+ F (QiFiuz,j ) (102)
All second order upwind schemes necessarily
involve at least five mesh points or cells.

To reach high order solutions without
oscillations around discontinuities, nonlinear
limiters are employed, replacing the term ¢ in Eqgs.
(98) and (99) by these limiters, evaluated at the left

and at the right states of the flux interface. To define
such limiters, it is necessary to calculate the ratio of
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consecutive variations of the conserved variables.
These ratios are defined as follows:

—1IZJ (QI+1j Q )/(Q.] _Qi_lj),
|+1/2] (QI+2] Ql+lj )/(Qi+1,j Ij) (103)

where the nonlinear limiters at the left and at the
right states of the flux interface are defined by

work, five options of nonlinear limiters were

considered to the numerical experiments. These
limiters are defined as follows:

VL " +|r,| P
W, (r) =———, [39] limiter; (104)
1+
2

L Van Albada limiter;

PYA () =1 : (105)
|
M (1, ) = signal MAX(0, MIN(r,|,signal, )), (106)
minmod limiter;
w8 (r,)= MAX(0, MIN(2r, 1), MIN(r,,2)), (107)
“Super Bee” limiter, due to [40];
WP (r, )= MAX(0, MIN(Br, 1), MIN(r,, B)), (108)

B-limiter,

with “I” varying from 1 to 15 (two-dimensional
space), signal, being equal to 1.0 if r, > 0.0 and -1.0
otherwise, r; is the ratio of consecutive variations of
the Ith conserved variable and B is a parameter
assuming values between 1.0 and 2.0, being 1.5 the
value assumed in this work.

With the implementation of the numerical flux
vectors following this MUSCL procedure, second
order spatial accuracy and TVD properties are
incorporated in the algorithms.

9 Spatially Variable Time Step

The idea of a spatially variable time step consists in
keeping constant a CFL number in the calculation
domain and to guarantee time steps appropriated to
each mesh region during the convergence process.
The spatially variable time step can be defined by:

CFL(As),

At = ,
" (q| +a, ii,j

where CFL is the Courant-Friedrichs-Lewis number
to method stability; (As),; is a characteristic

length of information transport; and (|q|+af)ij is

(109)
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the maximum characteristic speed of information
transport, where as is the frozen speed of sound. The

characteristic length of information transport,
(As), ;, can be determined by:
(As)i,j = [MIN(I min - Cuin )]i,j ' (110)

where |y is the minimum side length which forms
a computational cell and Cyn is the minimum
distance of centroids among the computational cell
and its neighbours. The maximum characteristic
speed of information transport is defined by

al+a; )., with g=+vu? +v? .
(I| f)l,]

10 Nondimensionalization, Initial and
Boundary Conditions

10.1 Nondimensionalization

The nondimensionalization employed in the reactive

case, in two-dimensions, consisted in:

(@) Constant gas of the “s” species, Rs
R, = Ryniv/M, With Ryniy assuming the value

1.987 cal/(g-mol.K) and M in g/g-mol = R in
cal/(g.K). Multiplying this value by 4.184 x 10°
(conversion to Joules and kilogram) the gas
constant pass to be evaluated in J/(kg.K).
Hence, as the temperature is
nondimensionalized with ag,, in M/s, in which:

Agnar =/ YP./P.. » With the freestream properties

defined by the simulation flight altitude, R pass
to be nondimensionalized by acpg t00;

(b) Specific heat at constant volume of the “s”
species, Cvs:
as this parameter is directly proportional to the

gas constant of the “s” species, its
nondimensionalization is also performed by
Achar,

(c) Enthalpy of the *“s” species, h, and h';':
2

nondimensionalized by ag, . hs is given in

cal/g-mol, what implies that it should be
multiplied by 4.184 x 10% to pass for J/kg.

Hence, its nondimensionalization is by a2, .

h? is given in J/g-mol, which implies that it

should be divided by M to pass for J/g and

multiplied by 10° to pass for J/kg. With this

procedure, its nondimensionalization is by

aghar;

(d) Translational/rotational temperature, Ty: such
variable is nondimensionalized by agn;
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(e) Vibrational temperature, T,: such variable is
nondimensionalized by acr;

(f) Characteristic vibrational temperature of the
species, Oys: such variable is
nondimensionalized by acr;

(9) Density of the “s” species and of the mixture, ps
and p: Both variables are nondimensionalized
by p., in kg/m®. Note that the species and
mixture initial densities are pints and Pini,
differents from p.;

(h) Velocity components, u and v: both Cartesian
components of velocity are dimensionalized by
Achar;

(i) Molecular viscosity, p: given in kg/(m.s) and
nondimensionalized directly by p.,;

(i) Thermal conductivity, k: both translational and
rotational thermal conductivities, as also the
vibrational thermal conductivity, are given in
J/(m.s.K) and nondimensionalized by k.;;

(k) The diffusion coefficient, D: given in m?s and

nondimensionalized by a3, Otge, in which

dt.har Should be the minor time step calculated at

the computational domain at the first iteration;
(I) Chemical source term, ®: nondimensionalized

by p,x107/dt,.. . The 10 term is necessary to

convert from kg/m? to g/cm®. In the equation of
the law of mass action, density terms inside the
productory are given in kg/m®. They also should
be multiplied by 10° to pass from kg/m® to
glem®;

(m) Vibrational internal
nondimensionalized by a2 ;

(n) Total energy, e: nondimensionalized by

2 .
pooachar ’

(0) Pressure, p: nondimensionalized by p_a3

(p) Relaxation time, t: nondimensionalized by
dtchar-

e 9
S

energy, ey

10.2 Initial conditions

As initial conditions, the following flow properties
are given: pinit, Uinit, o, Terinits Tvinits Cs(1), Cs(2), Cs(4),
¢s(5), €«(6), cs(7), cs(8), cs(9), ¢5(10), and c(11) in
which: o is the flow attack angle, Ty iy IS the initial
translational/rotational temperature, Ty IS the
initial vibrational temperature, “init” is relative to
the initial conditions and the c¢y’s are initial mass

fractions of the N, O, O,, NO, N*, O", N;, O},

NO™ and e, respectively. Hence, cs(3) is obtained
from Eq. (111). Initialy, Tyinit = Ty init-
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¢, (3) =1-[c, (1) +C, (2) +¢, (4) +¢,(5) +¢, (6) +C, (7) +
¢, (8) +¢,(9) + ¢, (10) +c, (11)]. (111)

The nondimensional variables which compose
the wvector of initial conserved variables are
determined by Prond = pinit/pwa Unond = Uinit/@chars Viond
= unond/tg(a)n Ttr,nond = Ttr,init/achar and Tv,nond =
Tyini@char, With tg(o) being the tangent of the o
angle (a is the attack angle). With the species and
mixture mass fractions and with the values of the
specific heats at constant volume, it is possible to
obtain the mixture specific heat at constant volume

ns
[Cymx =2 ,6Cys ] The mixture formation
=1

enthalpy is also possible to obtain from the species
enthalpy and from the species mass fraction,

ns
according to h® =>"c:h? . The nondimensionalized
s=1
internal vibrational energy to each molecular species
is obtained by:

evynonsz = RNZSV,NZ /%lev,Nz/TV,nondJ _1},
evvnondoz = Roz GV.OZ /{elev,oz /Tv,nondJ _1};
€y nondNo = RNOBV’NO/{e[erNO/TV‘nonu] _1};

e . R e e|:erN§ /TV,nond:|
v,nondN; — N3 T v,Nj

ev,nond,Og

[9 +/Tv.nond}
_ V.NO _
ev,nonolNO+ =R No*ev,NO*/{e

The nondimensionalized-total-vibrational energy of
the system is determined by:

ev,nond = CNzev,nondN2 + Cozev,nondoz + CNOev,nondNO +

+cN+e +C_.€ +C e

5 v,nond N3 0% ~v,nond O3 NO* ~v,nondNO* *

(113)
The nondimensionalized-species-electronic energy

of the system is determined by Eq. (65). The total
electronic energy is defined by:

ns
€a = cheel,s !
s=1

(114)
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with “ns” being the number of species. The electron
vibrational/electronic energy is defined as

Et'-al:azcr:aTr' (115)

Finaly, the nondimensionalized total energy is
obtained by:

— 0
enond - pnond[O/ mixtTtr,nond + hmi><t + ev,nond + eel,nond +

0'5(uﬁond + Vﬁond) ' (116)

The initial vector of conserved variables is defined
to an eleven species chemical model of the
following form:

Pnond
pnondu nond
PnondY nond

e

nond

PnondCs (1)
PnondCs (2)
PnondCs (4)
PnondCs (5)
PnondCs (6)
PnondCs (7)
PnondCs (8)
PnondCs (9)
PnondCs (10)
PnondCs 1)

pnondev,nond

(117)

10.3 Boundary conditions to the dynamical
part

(a) Dynamical Part:

The boundary conditions are basically of three
types: solid wall, entrance and exit. These
conditions are implemented in special cells, named
ghost cell.

(a.1) Wall condition: To the inviscid case, this
condition imposes the flow tangency at the solid
wall. This condition is satisfied considering the wall
tangent velocity component of the ghost volume as
equals to the respective velocity component of its
real neighbor cell. At the same way, the wall normal
velocity component of the ghost cell is equaled in
value, but with opposite signal, to the respective
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velocity component of the real neighbor cell. It
results in:

g gl
n,=Ay/| | AxTHAY (118)
2 g
n,=-Ax *.,ll Ax“+AY (119)
where, for the (i+1/2,j) interface:
AX =X 541 - Xt s (120)
AY =¥ir1j41 - Virrj (121)

Hence, the ghost cell velocity components are
written as:

(122)
(123)

.= (n-n)u, - 2o, )v
e =- (2nnJu+(nfnd)v,,

with “g” related with ghost cell and “r” related with
real cell. To the viscous case, the boundary
condition imposes that the ghost cell velocity
components be equal to the real cell velocity
components, with the negative signal:

u=-u, (124)

(125)

The pressure gradient normal to the wall is
assumed be equal to zero, following an inviscid
formulation and according to the boundary layer
theory. The same hypothesis is applied to the
temperature gradient normal to the wall, considering
adiabatic wall. The ghost volume density and
pressure are extrapolated from the respective values
of the real neighbor volume (zero order
extrapolation), with these two conditions. The total
energy is obtained by the equation (116).

For the eleven species chemical model, it is
necessary to consider the electronic energy of the
atoms and molecules, Eq. (65), to calculate the total
energy. The vibrational / electronic energy
contribution from electron is calculated as:

e _=c, T,,

el.e Ve "V

(126)

and the total
determined by:

ns
€vel = Z Csev,s +cheel,s ’
1

s=mol S=!

vibrational-eletronic energy is

(127)
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where e, is obtained from Eq. (111) and the eg; is
obtained from Eq. (65). Note that the electronic
energy is considered only in the complete model.

(a.2) Entrance condition:

(a.2.1) Subsonic flow: Three properties are specified
and one is extrapolated, based on analysis of
information  propagation along  characteristic
directions in the calculation domain ([41]). In other
words, three characteristic directions of information
propagation point inward the computational domain
and should be specified. Only the characteristic
direction associated to the “(qy-a)” velocity cannot
be specified and should be determined by interior
information of the calculation domain. The total
energy was the extrapolated variable from the real
neighbor volume, to the studied problems. Density
and velocity components had their values
determined by the initial flow properties.

(a.2.2) Supersonic flow: All variables are fixed with
their initial flow values.

(a.3) Exit condition:

(a.3.1) Subsonic flow: Three characteristic
directions of information propagation point outward
the computational domain and should be
extrapolated from interior information ([41]). The
characteristic direction associated to the “(qy-a)”
velocity should be specified because it penetrates
the calculation domain. In this case, the ghost
volume’s total energy is specified by its initial

value. Density and wvelocity components are
extrapolated.
(a.3.2) Supersonic flow: All variables are

extrapolated from the interior domain due to the fact
that all four characteristic directions of information
propagation of the Euler equations point outward
the calculation domain and, with it, nothing can be
fixed.

(b) Chemical Part:

The boundary conditions to the chemical part are
also of three types: solid wall, entrance and exit.

(b.1) Wall condition: In both inviscid and viscous
cases, the non-catalytic wall condition is imposed,
which corresponds to a zero order extrapolation of
the species density from the neighbor real cells.

(b.2) Entrance condition: In this case, the species

densities of each ghost cell are fixed with their
initial values (freestream values).
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(b.3) Exit condition: In this case, the species
densities are extrapolated from the values of the
neighbor real cell.

(c) Vibrational Part:
The boundary conditions in the vibrational part are
also of three types: solid wall, entrance and exit.

(c.1) Wall condition: In both inviscid and viscous
cases, the internal vibrational energy of the ghost
cell is extrapolated from the value of its neighbor
real cell.

(c.2) Entrance condition: In this case, the internal
vibrational energy of each ghost cell is fixed with its
initial value (freestream value).

(c.3) Exit condition: In this case, the internal

vibrational energy is extrapolated from the value of
the neighbor real cell.

11 Configurations
11.1 Computational domain descriptions

(1) Blunt body configuration to Earth reentry
problems:

Entrance
Exit

Wall

Exit

Figure 3. Blunt body physical domain.

Figure 3 presents the computational domain
employed in the structured and unstructured
simulations in  two-dimensions. This figure
represents a blunt body with a 1.0 m nose radius and
far field located twenty (20) times this radius in
relation to the nose configuration. The domain
presents three frontiers, as mentioned in the
boundary conditions: solid wall, entrance and exit.
Such blunt body does not present wall inclination.
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Figures 4 and 5 exhibit the employed meshes to
the structured and two-dimensional simulations.
Figure 4 shows the mesh to the inviscid simulations,
whereas figure 5 shows the mesh to the viscous
simulations. An exponential stretching of 7.5% in
the m direction was employed to the viscous mesh.

e,
KX

R

DTG LT T, I Ml Pl I
g 3@ 44 =8

1a 1a £ 4.0
X

Figure 5. Blunt body viscous mesh.
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Figure 7. Blunt body inviscid mesh — Same sense.
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The inviscid mesh has 3,658 rectangular cells and
3,780 nodes, which corresponds in finite differences
to a mesh of 63x60 points. The viscous mesh also
has the same number of rectangular cells and nodes,
defining again a mesh of 63x60 points.

Lo
o

5

LX)

ra

T T T L Y] 0
x

Figure 8. Blunt body viscous mesh — Same sense.
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h
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Figure 9. Blunt body inviscid mesh — Alternated sense.

The same meshes employed to the inviscid and
viscous structured cases are applied to the
unstructured cases. Figures 7 and 8 exhibit the
inviscid and viscous unstructured meshes, in the
same sense discretization. An exponential stretching
of 7.5% in the n direction was also applied. For the
unstructured cases, two options of unstructured
discretization are possible: the same sense
discretization and the alternated sense discretization.
As the cells are distributed in the same orientation
along the mesh, the discretization is said in the same
sense; On the other hand, as the cells are distributed
in alternate sense orientations, the discretization is
said in the alternated sense. Figures 9 and 10 show
the alternated sense discretization option. This form
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of orientation of the cells introduces more one line
in the mesh, resulting in always using an odd
number of lines in the n direction.

30 !

L

-Lo

2@ T e |

B

gl

e B L8 e xb 4a

X
Figure 10. Blunt body viscous mesh — Alternated sense.

]

(2) Double ellipse configuration:

The double ellipse mesh is composed of 3,528
rectangular cells and 3,650 nodes in the structured
case and of 7,056 triangular cells and 3,650 nodes in
the unstructured case, for the same sense mesh
orientation. The structured mesh has 73x50 points,
on a finite difference context. The alternated sense
mesh orientation has 73x51 points. An exponential
stretching of 7.5% in the m direction was applied to
both structured and unstructured configurations.

c=210m

a=40me=40m

Figure 11. Double ellipse configuration.

Figure 11 exhibits the double ellipse
configuration and Figs. 12 and 13 show the
structured meshes for the inviscid and viscous cases,
respectively. Figures 14 and 15 present the inviscid
and viscous unstructured meshes to a same sense
orientation, respectively.
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Figure 16 and 17 show the inviscid and viscous
unstructured meshes to an alternated sense
orientation, respectively. The idea of the double
ellipse problem is trying to simulate the shuttle
flight at the Earth upper atmosphere.

: e e R
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) e

o
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Figure 12. Double ellipse inviscid mesh.

h
-

TS

3o
10
L

= oo B,

-Ld

-1

kXY

4.0

N
-1 [X] p] 40 [X] X
X

Figure 13. Double ellipse viscous mesh.

i
]

£

10

14

LE)

-1

=38

440
30 -1 10 B 10 10 20 40 SO &8 T0 &8
X

Figure 14. Double ellipse inviscid mesh (Same Sense).
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This configuration was also studied in the Mars
entry flows ([42-43]), trying to simulate the
behaviour of the shuttle in such environment.

= e T o k= W=l LA T T Wk, o T
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Figure 15. Double ellipse viscous mesh (Same Sense).
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Figure 16. Double ellipse inviscid mesh (Alternated Sense).
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Figure 17. Double ellipse viscous mesh (Alternated Sense).

(3) Reentry capsule configuration:
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The reentry capsule is composed of 3,136
rectangular cells and 3,250 nodes in the structured
case. This mesh is equivalent in finite differences to
a grid of 65x50 points.

Figure 18. Reentry capsule configuration.
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Figure 20. Reentry capsule viscous mesh.
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The unstructured case to the reentry capsule
problem was not simulated. This geometry has four
frontiers: solid wall, entrance, exit and continuity.
This last boundary is implemented considering the
properties of the flow at the wake upper side as
equal to the wake lower side, assuring in this way
the conservation of the flow at the wake frontier.

Figure 18 exhibits the reentry capsule
configuration. The inviscid and viscous meshes are
presented in Figs. 19 and 20.

12 Conclusion

This work, the first part of this study, presents a
numerical tool implemented to simulate inviscid and
viscous flows employing the reactive gas
formulation of thermochemical non-equilibrium
flow in two-dimensions. The Euler and Navier-
Stokes equations, employing a finite volume
formulation, on the context of structured and
unstructured spatial discretizations, are solved.
These variants allow an effective comparison
between the two types of spatial discretization
aiming verify their potentialities: solution quality,
convergence speed, computational cost, etc. The
aerospace problems involving the “hot gas”
hypersonic flows around a blunt body, around a
double ellipse, and around a reentry capsule in two-
dimensions, are simulated.

To the simulations with unstructured spatial
discretization, a structured mesh generator
developed by the first author ([44]), which creates
meshes of quadrilaterals (2D), was employed. After
that, as a pre-processing stage ([45]), such meshes
were transformed in meshes of triangles. Such
procedure aimed to avoid the time which would be
waste with the implementation of an unstructured
generator, which was not the objective of the
present work, and to obtain a generalized algorithm
to the solution of the reactive equations.

In this work, first part of this study, the
structured and unstructured formulations of the two-
dimensional Euler and Navier-Stokes reactive
equations are presented. In [46], the second part of
this study, it will be presented the structured and
unstructured solutions.

The reactive simulations involved an air
chemical model of eleven species: N, O, N,, O,,
NO, N, O, N3, O;, NO" and e". Thirty-two or
fourth-three  chemical  reactions,  involving
dissociation, recombination and ionization, were
simulated by the proposed models. In the former
case, the [27] model is employed, whereas in the
latter, the [28] model was used. The Arrhenius
formula was employed to determine the reaction
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rates and the law of mass action was used to
determine the source terms of each gas species
equation.

The results have demonstrated that the most
correct aerodynamic coefficient of lift is obtained by
the [23] scheme with first-order accuracy, in an
inviscid formulation, to the blunt body and reentry
capsule problems. The cheapest algorithm was due
to [24], inviscid, first-order accurate, and structured
discretization. Moreover, the shock position is
closer to the geometry as using the reactive
formulation than the ideal gas formulation.

Errors less than 20% were obtained with the
second-order version of the [23] algorithm in the
determination of the stagnation pressure at the body
nose, in all three physical problems, and an error
around 10% was found in the determination of the
shock standoff distance, again in all three physical
problems, highlighting the correct implementation
and good results obtained from the reactive
formulation. Values of these parameters were
evaluated and proved the significant potential of the
present numerical tool.
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