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Abstract

A numerical method which is based on
unstructured grids to compute high-temperature
ionized air radiation is described. The multi-
species N-S equations are used and the
chemical model includes 11  species
(02,N;,0,N,NO, NO™ , N*,0*N*,, 0™, &) and
20 reactions. For simulating thermal non-
equilibrium effect, the two-temperature model is
considered. The finite volume method (FVM) is
used for spatial and directional discretization
for the RTE on unstructured grids. The code can
deal with different kinds of species and radiative
bands. Particularly, the Delta, Epsilon, Beta
prime and Gamma prime bands of NO are
considered in this paper. The numerical results
of MUSES-C for hypersonic flow with high-
temperature ionized radiation are shown, and
compared well with the reference data and
experimental data.

1 Introduction

When a reentry capsule crosses the atmosphere
at a very high speed, the temperature around it
may become sufficiently high to emit a
significant amount of radiation. The radiation
emanates mainly from the regions of the shock
layer where the flow is highly or almost totally
dissociated and significantly ionized. When the
radiation passes through the cold boundary
which is near the wall, the radiation is absorbed
by the air, so the boundary is heated. That is to
say, the region around shock wave is cooled.
When the magnitudes of the involved radiation
are as large as the convective heat flux at the
wall, the radiation must be considered in the
calculation of the heat load to the vehicle. To

solve this problem, there already exist some
famous programs'*® such as NONEQ, etc. But
most of them only are applied to the structured
grids. The numerical approaches with
unstructured grids for computation of radiative
heat transfer still not go far. The unstructured
methods have received little attention on
radiative heat transfer for the hypersonic flows,
and a few studies have been found only very
recently. Vaidya, Murthy and Mathur™ had
presented an unstructured finite volume
methodology based on the discrete ordinate
formulation to calculate the radiation heat
transfer. The results were satisfactorily
validated.

The objective of this paper is to obtain an
accurate computational method to simulate both
the thermal-chemical non-equilibrium and air
radiation on the same unstructured grids at high
temperature situation. Experimental results are
used to validate the numerical results of this

paper.
2 The basis of this method

2.1 Governing equations

The conservation form of the governing
equations is shown as follows
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The corresponding expressions for the inviscid
fluxes E (in the x direction), F (in the y direction)
and G (in the z direction), and viscid flux E,.

F,. G, are well known, so they will not be
written here. The S in the right-hand side of the



equation is the source term. Here, the conserved
variable U and the source term are of the form
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The quantities p; denote density of the species i,
and e ,e, are the total energy and vibrational

energy, respectively. The quantities @, are the

rate of production of species 1 by chemical
reactions and Q denotes the rate of energy
gained by the radiative transport phenomenon
(radiative source term).

2.2 Spatial and angular discretization of RTE

The equation of radiative transfer (RTE) can be
written as:

‘LL:: L, +) @)
Here n denotes radiation direction, the In is the
intensity in mn direction. K is absorption
coefficient. The equation of radiation transfer is
discretized using a finite volume method
(FVM)®. The design of control volumes and
control angles needed for the spatial and
directional discretization is based on the
methodology proposed by Raithby and Chui’
The spatial domain is divided into a finite
number of control volumes (triangular and/or
quadrilateral elements for two-dimensional
geometries, and tetrahedral, prismatic and/or
hexahedral meshes for three-dimensional
geometries). Similarly, the directional domain is
divided into a finite number of control angles.
The control angles proposed by Raithby and
Chui are defined by constant spacing in the 6
and ¢ directional coordinates. The integration of
Eq. (4) over a control volume element and
control angle element leads to the following
discretized equation:
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In this work, face intensities are related to cell
values by using the following method:
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- I,;D; > 0 (out of cell p) (6)
"L IL,;D; <0(into cell p)
Here nb equals to cell sharing face i with cell P.

2.3 Thermal nonequilibrium and Chemical
reaction model

To take account of thermal nonequilibrium, we
consider two terms to describe the relaxation
processes. The two terms are:

e (T)—e (T L=
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The first term is for the relaxation process
between translational and vibrational energies.
The relaxation time is calculated by using the
following expression,
————— ®)
where M 1s the semi-empirical correlation

presented by Millikan and White’,
D Nexp[A (T’ =0.0154, ") -18.42]
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r’ is the correction term suggested by Park'®

and is effective for T >8000k, which is defined
by

lusj
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1
where ¢, =(——)? are the acoustic speed of
M,
species s, ns and o, are the total number
density of heavy particles, and the cross section
of vibrational excitation respectively.

The second term is for the process that
certain amount of energy is removed at
dissociation or is added at recombination of
molecules. The energy lost is commonly
assumed to be the average vibrational energy at
the local condition e, . Because dissociation

from a higher vibrational state may be more
probable (the concept of preferential

2



HIGH-TEMPERATURE IONIZED AIR RADIATION SIMULATION ON

dissociation), the following expression is used
in present work.

e, . Tv < 8000K
D, ={cze,,8000K < Tv<12000K  (11)
c,D, Tv >12000K

where ¢i>1, 0.3>c>,>0.8, and D is dissociation
energy of a molecule measured from its ground
state.

For high temperature ionized air there are
eleven primary constituents (O,, N, O, N, NO,
NO', N, O, N, , O, , ¢). The possible
reactions between these species are listed Table
1 in the flowing:

The possible reactions between these
species are listed in table 1. The chemical
reaction rate model is Roop N. Gupta’s model.
Reaction rates are assumed to be a function of
controlling temperature Tf and Tb depending on
the type of reaction. The controlling
temperatures are shown in Table 1. And the Td

in Table 1 i1sT, =/T,T, .

Table 1 chemical reaction model

chemical reaction Tt | Tb
N2+M2-2N+M2: M2=0,02N2NO | T, | Tt
02+MI=20+MI:MI=ON.O2N2NO | T, | Tt
N2-+N=3N Tq | Tt
NO+M3=N+O+1\I/\[I.:)):M3=O,N,02,N2, Ty | Tt
O+NO=02+N Tt Tt
N2+O=NO+N Tt | Tt
n+to=(no+) + (e-) Tt | Tv
ot(e-)=(0t) + (e-)*+(e-) Tv | Tv
N+(e-)=(N+)+(e-)H(e-) Tv | Tv
O0+0=(02+)+(e-) Tt | Tv
O+(02+)=02+0+) Tt Tt
N2-+(N+)=N+(N2+) Tt Tt
N+HN=(N2+)+(e-) Tt Tv
02+N2=NO+(NO+)+(e-) Tt | Tv
NO-+M4=(NO+)+(e-)+M4 Tt | Tv
O+(NO+)=NO+(O+) Tt Tt
N2+(0O+)=0+(N2+) Tt Tt
N+(NO+)=NO+(N+) Tt Tt
O+(NO+)=02+(N+) Tt | Tt
02+(NO+)=NO+02+ Tt Tt
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2.4 Radiation model and Band model

Emission and absorption of radiation in a gas
result from transitions between energy levels. In
atomic species, all electronic energy levels as
well as free electrons may be involved in
radiative transitions. For molecules, radiation
also occurs due to transitions between rotational
and vibrational energy levels. Atomic radiation
arises from bound-bound transitions (atomic
lines), bound-free transitions (photoionization or
radiative deionization), and free-free transitions
(Bremsstrahlung radiation). The atomic line
data in the present study takes from NIST’s data
base. Table 2 list the basic information of the
atomic lines used in the study. Molecular
radiation is more complex because of the large
number of energy levels available for transitions.
The resulting structure of closely-spaced lines is
referred to as a molecular band system. In
present study, 10 bands are considered. The
basic information of these bands is listed in
Table 3.
Table 2 atom line data

atom Total line  Total Energy
level
N 115 356
N+ 73 178
O 91 577
O+ 378 275

Table 3 molecular line data

molecule state Transition
02 B3 >~ u- B3Xu-—X3Xg-
X3 g- S-r
N2 C3IIu B3IIg—A3 > u+
B3Ilg First positive
A3 X u+ C3ITu—B3IIlg
Second positive
NO E*>* A2 S +— X211t
B"?A Y band
D*s* B2ITr—X>TTr
c’z? B band
B21r C?S+—XIIr
A2 2+ 6 band
X211t D?s* X211t
¢ band
B2A—XIIr
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B " band
E°S*—X Iy
Y’ band
B2 Ju+—X2 2'g+
First negative

N2+ B2 2u+
X2 Xg+

2.5 Numerical method and boundary
condition

The numerical method that was used to solve
the governing equations is based on Jameson’s
finite volume method. The boundary condition
is the same as the common solution of thermal
nonequilibrium. A nearly converged solution is
first obtained neglecting radiation, prior to the
radiation-coupled calculation. To increase the
efficiency, the Planck’s average absorption
coefficient is used during here.

3 Results and discussion

The MESES-C reentry capsule is used as the
computational model to validate the above
method. In this study we focus on the flight
condition at the reentry velocity more than
10km/s. The MUSES-C reentry capsule is part
of an asteroid sample return mission and will
reenter the Earth’s atmosphere at about 12km/s.
The peak heat loading to the vehicle is predicted
to be at an altitude of 65km when its velocity is
11.6km/s. At the altitude of 65km, the
atmospheric density is 1.645E-4Kg/m® and the
temperature is 233.25K. The geometry for the
MUSES-C reentry capsule is sphere-cone shape
with a nose radius of 200mm, a cone angle of 45
degrees and a base diameter of 400 mm.

Figurel is the computational mesh for this
model. In Figure2, the temperature along the
stagnation streamline is shown. Figure 3 gives
the distribution of species, from this figure we
can see that behind the shock wave almost all
the molecules dissociate, and some particles
ionize. Because of the ionized reaction, many
free electrons are produced. And these electrons
which are adjacent to the wall lead to the free-
free transition and bound-free transition. In
order to check the radiation calculation, the
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emission intensity is calculated and compared
with the R156 experiment data®’. In this paper,
the Delta, Epsilon, Beta prime and Gamma
prime bands of NO were considered. From
Figure 4 and Figure 5, we can obviously find
that our computational results had excellent
agreement in shape and absolute intensity
between the experimental and numerical spectra
for different bands in the calculation. Also we
can get that the spectra ranging from 300 to 450
nm are dominant.

4 Conclusions

An unstructured finite volume method for
radiative heat transfer has been presented by this
paper. An excellent agreement in shape and
absolute intensity is obtained between
experimental and numerical spectra. The
radiative heat flux environment for the MESES-
C reentry capsule which reenters at a
superorbital speed is also analyzed.
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Fig.1 Grids of MESES-C


http://cfp.ist.utl.pt/radiation/GPRD/viewDB.php?M0=Mo&M1=NO&M2=BBT&M3=DX
http://cfp.ist.utl.pt/radiation/GPRD/viewDB.php?M0=Mo&M1=NO&M2=BBT&M3=DX
http://cfp.ist.utl.pt/radiation/GPRD/viewDB.php?M0=Mo&M1=NO&M2=BBT&M3=DX
http://cfp.ist.utl.pt/radiation/GPRD/viewDB.php?M0=Mo&M1=NO&M2=BBT&M3=DX

HIGH-TEMPERATURE IONIZED AIR RADIATION SIMULATION ON
UNSTRUCTURED GRIDSPER TITLE

/ 10° ;—
50000 - | s F present work(10 band)
[ —8—— Ttwithrc. [ T 10° = O r156 experiment data
|l — A Tvwithre. [ \ © E
40000~ — —_A— — Tvwithoutr.c, [ \ I r
[ — —0— — Ttwithoutrec. | S10°F
¥30000 - '/ E g
> r =10
':r - g 10 g
= 5 g F
20000 [~ // c10°F
B c
: f s
[ l 0107 4 O
10000 - J 210 3
I / g F
- y 10% |
= ‘ ‘ ‘ L1 L F
0.03 -0.02 /M -0.01 0 10° ?
. . L ! 1 ! ! 1 ! ! 1
Figure 2. temperature along the stagnation 5000 oty 20000 15000
. . . waveleng
streamline (‘r.c.” denotes coupling with
calculation of radiation) Fig.4 Emission intensity compared with R156
(equilibrium, 10 bands)
10"L
0°E 5 5 5[
F T 10° = present work(6 t
B "’E ; 0 1156 experimen
10" L1’k
8 = |
r b T
s | o w 210F
el A 02 s f
§ F —<&—No S 100
o [ - - N c  E
& [ - & -ox 2o :Q@
E [ _ o _no B10* | .
10°F e O £ F
F iie—— N () B
r ——o—— o+ 10°
| — N+ E
10* = 10° ;_
i L ‘ A 1 1 L
0.03 5000 10000 15000
Wavelength A
Fig.3 Mass fraction along the stagnation Fig.5 Emission intensity compared with R156
streamline (equilibrium, 6 bands)
References

[1] Chul Park, Frank S.Milos “Computational equations
for radiating and ablating shock layers,” AIAA-90-
0356,1990.

[2] Lin C. Hartung “Nonequilibrium Radiative Heating
Prediction Method for Aeroassist Flowfields with
Coupling to Flowfield solvers”Raleigh, 1991(PHD
thesis)

[3] Kazuhisa,Fujita, Takashi,Abe, and Kojiro Suzuki,
“Air,radiation analysis of a superorbital reentry
vehicle,” AIAA Paper 1997-2561, 1997



[4] Mm-thy, J- Y. and Mathur, S. R., ‘Finite Volume
Method for Radiative Heat Transfer Using
Unstructured Meshes,” Journal of Thermophysics
and Heat Transfer, Vol.12, No.3, pp.313-321,1998.

[5] J. Liu, H. M. Shang, and Y. S., “Chen.Development
of an unstructured radiation model applicable for
two-dimensional planar, axisymmetric and three-
dimensional geometries,” AIAA paper 99-0974, 1999.

[6] R.C.Millikan and D.R. White, “Systematics of
Vibrational Relaxation,” Journal of Chemical physics,
39(12):3209-3213,December 1963

Copyright Statement

The authors confirm that they, and/or their company or
organization, hold copyright on all of the original material
included in this paper. The authors also confirm that they
have obtained permission, from the copyright holder of
any third party material included in this paper, to publish
it as part of their paper. The authors confirm that they
give permission, or have obtained permission from the
copyright holder of this paper, for the publication and
distribution of this paper as part of the ICAS2010
proceedings or as individual off-prints from the
proceedings.

Jianzhong Chai, Xu Gao, Qing Li



