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Abstract: Numerical studies of the shock layer of a super orbital reentry capsule have been
conducted by using thermochemical nonequilibrium VSL {Viscous Shock Layer) equations. In
the present analysis, vibrational temperature has been treated as individual molecular species
vibrational temperature. The analysis has been performed for the MUSES-C reentry conditions,
and the temperatures and chemical species mole fractions in the shock layer have been revealed
for the typical reentry altitudes of 84 km and 64 km. Radiative heat flux and spectra have been
also computed from the results of the VSL analysis to discuss the necessity of the multi vibrational
temperature model. Finally, convective heat fluxes for the multi vibrational temperature model
and three temperature model are compared.

1. INTRODUCTION

The atmospheric entry speed of the MUSES-C capsule is over 12 km/s, so that a very strong
shock wave is generated around the capsule, whereby the shock layer gas is much more highly
heated than the case of a normal earth orbital reentry. Hence, radiative heat flux is expected
to be stronger in the super orbital reentry.

Typical feature in the super orbital reentry is an increase in radiative heat transfer to
the capsule, which will be of the order comparable to convective heat transfer. More accurate
prediction of the radiative heat transfer requires more accurate analysis of temperatures, in par-
ticular the detailed analysis of vibrational temperature, because the intensity of band spectrum
is dependent on vibrational temperature. On the view of this point, vibrational temperature
is treated as individual molecular-species vibrational temperature in the present analysis.

The present computation uses the VSL (Viscous Shock Layer) method, which is a space
marching method. This method is more beneficial, because unlike a time marching numerical
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method, it has the advantage of smaller computational time. Even though the VSL method is
limited to the analysis of a shock layer, this method has been extensively employed in the past
to analyze the hypersonic flow around a space transportation vehicle during atmospheric entry
(Miner and Lewis 1975, Gupta et al. 1990a, Gupta et al. 1990b, Sakamura & Nishida 1991,
Nishida & Sakamura 1994, Gupta et al. 1996, Suzuki et al. 1996, Doihara & Nishida 2001,
Doihara & Nishida 2002). In these studies, a multi vibrational temperature model has not
been utilized. In the present analysis, thermochemical nonequilibrium viscous shock layer
(VSL) equations are extended to a multi vibrational temperature model apply to the shock
layer studies of the MUSES-C reentry capsule. Thereby spectral characteristics and radiative
heat flux can be analyzed in more detail. The radiation analysis is conducted by using the
‘SPRADIAN’ code developed by Fujita & Abe (1997).

2. NUMERICAL ANALYSIS
2.1 Flow and Thermochemical Model
In the present analysis, the following assumptions are introduced:

1) The flowfield is a high temperature thermochemical nonequilibrium shock layer, that in-
cludes eleven species (Ng, Oz, NO, N, O, NJ, OF, NO*, NT, OF, 7).

2) The flow is treated as axisymmetric and steady.

3) A thermal nonequilibrinm with five temperatures is introduced: translational-rotational
temperature (T°), vibrational temperatures of individual molecular species (T\,gb,Nz, Tvib, 04
Tyib,no) and electron-electronic temperature (7). Vibrational temperature of molecular ion
species is set to being equal to that of corresponding neutral species.

4) Electronic temperatures of N, N*, O, OF, Oy are equal and fully equilibrated with electron
temperature. These species have low-lying electronic states and so only two low-lying elec-
tronic states of them are considered (Park 1990). Although Nj also has a low-lying first
excitation state, it is not considered in the analysis because of its small fraction. The first
excitation state of Ny, NO, Of and NO* are very high, so that they are scarcely populated
at this state.

5) Emission and absorption of radiation are not considered in the VSL calculation.

2.2 Governing Equations and Boundary Conditions

The configuration of the MUSES-C reentry capsule is given by a hyperboloid with a 0.2 m nose
radius and a 45° semi-apex angle (Fig. 1). The governing equations are the full viscous shock
layer (FVSL) equations written for the coordinates shown in Fig. 1. They are formulated
for a multi component gas flow in thermochemical nonequilibrium, which are composed of
equations of species mass conservation, over-all momentum, translational-rotational energy,
each molecular species vibrational energy and electron-electronic energy. The VSL equations
are obtained from the steady-state Navier-Stokes equations by retaining terms up to the second
order in the Reynolds number parameter e defined by ¢ = \/firer/pooUco Bn where pief is the
viscosity evaluated at the reference temperature Tyet = U2,/ Cp,00y Poo 18 the free stream density,
Us is the free stream speed, R, is the nose radius of a body and Cj, o is the specific heat in
the free stream. In this study, the value of € is of the orders of 1072 to 10~ for the altitudes
of interest for this study (90 km - 60 km), so that the VSL analysis can be expected to provide
sufficiently accurate results.
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Fig. 1: Coordinate system. Fig. 2: Reentry trajectory of MUSES-C.

Boundary conditions are imposed as described below. At the wall, no-slip conditions (u =
v = 0) are imposed. The wall temperature T,, is assumed to be constant at 2,500 K. An
isothermal wall is assumed at each altitude, and the vibrational temperature on the wall is
considered to be the wall temperature. The boundary condition for electron temperature is
calculated by Eq.(10) in Nishida (1972) that was derived from the Langmuir probe theory.
Species wall boundary conditions are determined by either noncatalytic wall (NCW) condition
or fully catalytic wall (FCW) condition:

T
(86“) —0 (NCW), Ciw=Ci, (FCW)
9y /v

where C} is the mass concentration of species 1, ¥ is the coordinate normal to the wall, subscripts
w and co denote, respectively, wall and free stream.

Boundary conditions immediately behind the shock are given by shock jump conditions
from the free stream conditions for the reentry trajectory (Fig. 2). Low density gas effect
was included into the analysis with shock slip conditions (Miner & Lewis 1975). Vibrational
temperature and electron temperature immediately behind the shock are set to being equal to
the free stream temperature.

2.3 Transport properties

The transport properties (viscosity, thermal conductivity, diffusion coefficient) are evaluated
by extending Yos’ formula, which is based on the first Chapman-Enskog approximation, to a
multi temperature gas mixture (Gupta et al. 1990). The diffusion coefficients of Curtiss and
Hirschfelder (1949) are used, and ambipolar diffusion is assumed for ions.

2.4 Internal Energy Exchange

The energy transfers considered here are translation-vibration, translation-electron, rotation-
electron, vibration-vibration and vibration-electron, as shown in Fig. 3.

The energy transfer rate between translation and vibration is derived from the formula of
the Landau-Teller model. The vibrational relaxation time is evaluated by an empirical formula
of Millikan & White (1963) and the correction term of Park’s collision limit (Park 1985). The
translation-electron and rotation-electron energy transfer rates are taken from Lee (1985), and
Lazdinis & Petrie (1974), respectively.
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Fig. 3: Internal energy transfer.

The relaxation time for the energy exchange between nitrogen vibration and electron (7n,—e)
is taken from Lee (1992). The relaxation times for NO and Oz (70,—e, TNO—e) are evaluated
from the nitrogen relaxation time by using the ratios of the characteristic temperature for
vibration, ©yipN, /Ovib,0, = 1.492 and Oyib,N,/Ovib,no = 1.239 (Park 1990):

TOp—e = 300 X Tn,—o(1.492T,) (1)
™NO—e = 300 X Tn,—o(1.2397%) 2)

The factor 300 accounts for the fact that the electron-vibration energy transfer cross sections
for Oy and NO are considered to be much less than that of No (Park 1990). The vibration-
vibration energy exchange rates are taken from Candler & MacCormack (1991).

An average vibrational energy removed by dissociation is very important in a super orbital
reentry speed range. In the present study, the CVDV model (Treanor & Marrone 1962) is
employed to describe such an energy loss. Let Qp; be the vibrational energy loss of species i
due to dissociation and Qg be the energy gain due to recombination and then we have

Qb — kOyip,i B ENiOyib,i (3)
P47 lexp (Ovib;iTm,i) —1  exp (Ni®viv,iTmi) — 1|’
1
Qr; = {5 (De— 1) kB uinz | « (4)

where £ is the Boltzmann constant, Oy, ; is the characteristic temperature for vibration of
molecular species ¢, IV; is the fractional number of a vibrator. T,,; is given below,

1 1 1

= = = H
11?71,1' Tvib,i r ( )

2.5 Air Chemistry

An 11 species air model consisting of Ng, Oz, NO, N, O, NO*, O* Nt NF OF and e is adopted
here (76.5 % Ny + 23.5 % O3 in the free stream). Air chemistry considered here is shown in
Table 1, and chemical reaction rates are such that the Park’s model (Park 1993) is extended
to a multi vibrational temperature model. Rate constants are assumed to be a function of
controlling temperatures 7y and 7}, depending on the type of reaction, and they are given by
the following expressions:

'I\:f,r(Tf,r) = C‘?Tfs,? exp(fgt’/Tf,r): kb,r(Ti),I‘) = kf,r‘(Tb,?‘)/I(ﬁq(ﬂ),r) (6)
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where kg, and Ky, are the forward and backward reaction rate coefficients for reaction r,
respectively. Likewise Tt and Ty, are the forward and backward controlling temperatures for
reaction 7, respectively. The controlling temperatures are shown in Table. 1. The values of
C,, s, and 0, can be obtained from Park (1993).

Table 1: Air chemistry.

r Reactants Products Ty Ty r Reactants Products Ty Ty
I Nz+MP & N+N+M | /T Ty, T [13 NOt4+0 = NF4O, T T
2 Ne+M) 2 N+N+M | /T Twx, T|14 Of+N = Nt 40 T T
3 Nz4e™ = N+N+e- i 8 T. || 15 NO + Ot = Nt 4+ 0y T T
4 O+ & O+40+M | /T Tubo, T |16 OF+No = Nf+0 T T
5 Oz+Mz = 040+ M T-Tupo, T |17 OFf +0 = 0t +0, T T
6 NO+M{ & N+O+ M | /T -Tvinwo T | 18 NOT N = 0Ot + N T i
7 NO+M§ 2 N+O+M | /T-Tveno T |19 NOt+0, = 0f +NO T
8 Np+0O = NO+N T T |20 NOr+0 = O{+N T T
9 NO+O = N+ 0 T T || 21 Of 4Ny = N3_+O T T
10 N+O = NOt +e- Zr T |22 NOt+N = Nj+0 o T
11 N+N = NI te T T || 23 N+e = Nt4e 4+e | T T
12 040 = 0 +e T T |24 O+e = Of+e4+e |[T. T

aMy = Ng, Og, NO, Nf, OF, NO* °Mj3 = Ng, Oz, NI, OF

bAf, = N, O, N*, OF djly = NO, N, O, NO+, N+, O+

2.6 Radiation Calculation

The VSL analysis is not coupled with the calculation of radiative heat transfer. Radia-
tion analysis is performed by SPRADIAN (Fujita & Abe 1997) in a non-coupled manner, us-
ing the numerical results. In the estimation of radiative heat flux, a spherical cap model
(Fujita & Abe 1997) is used for the integration of the heat transfer equation. Emission and
absorption of radiation are not considered in the VSL calculation.

3. RESULTS AND DISCUSSION

Figures 4 and 5 show temperatures and species mole fractions on the stagnation stream
line for NCW at the altitude of 84 km, respectively. The horizontal axis is normalized by
the shock distance g, that is 2.07 cm at this altitude. Immediately behind the shock, the
translational-rotational temperature is elevated up to 58,000 K. Vibrational temperature of Ny
(Tvib,N,) slowly increases towards wall and then decreases near the wall. Electron tempera-
ture is raised rapidly immediately behind the shock because of high thermal conductivity of
electron. Electron temperature is getting closer to equilibration with Tyin,N, because of the
strong coupling of nitrogen vibration and electron. Vibrational temperature of Oy (Tyib0,) is
suppressed relatively low under 3,400 K. Since the degree of nonequilibrium is strong at this
altitude, the vibrational energy loss of Oz which is accompanied by dissociation is relatively
large compared with the gain due to energy exchange. NO vibrational temperature (Tvib,NO)
indicates an almost constant value through the shock layer. As for the chemical reaction, it
is seen in Fig. & that the dissociation of Oz is active and the recombination reactions are not
remarkable even near the wall.

The results for the altitude of 64 km are illustrated in Figs. 6 to 8. Figure 6 shows the
temperatures on the stagnation stream line for NCW. The shock distance is 1.26 cm at this
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Fig. 4: On-axis temperatures at 84 km for NCW. Fig. 5: On-axis species mole fractions at 84 km for
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Fig. 6: On-axis temperatures at 64 km for NCW. Fig. 7: On-axis species mole fractions at 64 km for
NCW.

altitude. T, and Ty N, are close to each other except for immediately behind the shock.
Tyib,0, and Tyip No are suppressed under 4,000 K from the shock to the middle of the shock
layer because of large vibrational energy removal due to strong dissociation. As shown in
Fig. 7, the mole fraction of electron increases in the region which is attributed to “Avalanche
Tonization”. The adoption of the multi vibrational temperature model changes dissociation
rates, whereby Ng dissociation becomes more active than that in the three temperature model
composed of translational-rotational, vibrational and electron temperatures. On the other
hand, Oy dissociation gets weak compared with that in the three temperature model. Increases
in Tyip 0, and TyipNo are observed in the vicinity of the wall. However, such a temperature
elevation near the wall does not appear in the case of FCW as shown in Fig. 8.

Figure 9 shows radiation spectra at the stagnation point at the altitude of 64 km for NCW,
The intensities of UV and VUV spectra observed at the stagnation point are extremely large
because of the disappearance of Qg which absorbs such spectra. The dashed line is the spectra
calculated from the solution for the three temperature model (3T model). Radiative heat flux
estimated from the analysis using the multi vibrational temperature model is 0.94 MW /m?
while it is 0.96 MW /m? for the three temperature model.
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Fig. 8: On-axis temperature at 64 km for FCW. Fig. 9: Stagnation point radiation spectra at
64 km for NCW.
Table 2: Stagnation point convective heat flux (unit: MW /m?).
Catalytic wall condition NCW FCW
Altitude 74km 64km 5H54dkm | 74km 64 km 54 km
Gw for a 3 temp. model 3.0 4.4 6.1 5.0 7.5 8.2
gy for a multi vib. temp. model 2.4 3.4 6.1 5.0 7.5 7.8

The band spectra of N;r(l—) are more intense because Tyib N, is larger than Ti;, from
the three temperature model analysis. However the line spectra from atoms become weak
because T, slightly decreases compared with that in the three temperature model analysis.
Since the energy coupling of Ng and electron is very strong, distinguishing each vibrational
temperature influences electron temperature. In addition, the shock distance in the multi
vibrational temperature model analysis slightly decreases compared with that from the three
temperature model because the degree of dissociation has changed as mentioned ahove. Thus,
radiation volume decreases. Nevertheless, as a result, total radiative heat flux is decreased by
2.3 % from the three temperature analysis. In the present analysis, vibrational temperatures
of molecular ion species are set to being equal to those of corresponding neutral species. If the
vibrational temperature of such ion molecule is individually considered, the radiative heat flux
might change, because radiation from N7 is very intense compared with that from Ny, The
effect of the vibrational temperature of ion molecules is a future problem to be solved.

In Table 2 is given a comparison of stagnation point convective heat fluxes for a three
temperature model and a multi vibrational temperature model at three altitudes. In the case
of NCW, the convective heat flux at the altitude of 74km and 64 km is less than the results
from the three temperature model. In case of FCW, the convective heat flux at the altitude
of 54 km is also less that that from the three temperature model. Overall, the adoption of the
multi vibrational temperature model appears to decrease convective and radiative heat fluxes.

This document is provided by JAXA.



90 Doihara € Nishida

4. CONCLUDING REMARKS

The nonequilibrium shock layer over the super orbital reentry capsule of MUSES-C has been
numerically analyzed by using the thermochemical nonequilibrium viscous shock layer equations
with a multi vibrational temperature model. As shown above, the behavior of vibrational
temperature of individual molecular species has been revealed.

The radiation analysis has shown a slight decrease in radiative heat flux from that for the
three temperature model. However, the convective heat flux are partly much less than that
from the three temperature model analysis.
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