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The weakly ionized high enthalpy flow in thermochemical nonequilibrium over blunt bodies at zero inci-
dence is investigated. The numerical technique uses time dependent Navier–Stokes equations which
relies on a multi-block finite volume scheme based on a second-order accurate Total-Variation-Diminish-
ing. The convective flux terms are calculated by Riemann’s solvers based on a MUSCL approach, and the
viscous terms are discretized by second-order central difference. The flowfield is thermally characterized
by multi-temperatures, and the correction of the speed of sound due to the electron translational temper-
ature has been included. An evaluation of aerothermodynamics parameters is carried out for RAM-C
flights (which is a 9� sphere–cone). A good comparison is shown with previous simulations and experi-
mental data.

Crown Copyright � 2008 Published by Elsevier Inc. All rights reserved.
1. Introduction

The development of re-entry vehicle requires an accurate
knowledge of hypersonic flows over blunt bodies and a better pre-
diction of thermal protection system for extremely high tempera-
ture. The flowfield is characterized by a strong detached bow
shock with a subsonic pocket in the nose region. The high kinetic
energy content is converted to internal energy, thus increasing
the temperature of the gas. The high gas temperature causes the
significant excitation of the internal energy modes, the dissociation
of diatomic molecules, and ionization. Under typical hypersonic
condition, air must be considered as a plasma around the vehicle,
which perturbes traditionally the communication between the
vehicle and the ground control station because the plasma absorbs
radio waves (Luneau and Rossines, 1978). The computation of such
a flowfield is a challenging task.

Successful conception of such a high technology would be ob-
tained after some knowledge of the thermochemical nonequilibri-
um phenomena, and how they affect the performance of the
vehicle. More accurate results of heat transfer and thermodynamic
properties can be obtained either from numerical simulation or
with experimental facilities. The least expensive approach is the
numerical prediction which is a reasonable alternative after suffi-
cient validation. The objective of this research is to develop a meth-
od for predicting weakly ionized hypersonic flow over blunt
bodies. The downstream region was of considerable interest, and
008 Published by Elsevier Inc. All r
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the method could not be restricted to the stagnation region. This
work points out the contribution of electronic excitation, ionized
species and thermochemical coupling on aerothermodynamic
parameters.

The computational results depend on the thermochemical mod-
el and the strategy of resolution. In the past, several authors have
successfully investigated thermochemical nonequilibrium flow
with ionization. To simplify the calculations, Palmer (1989), Gnoffo
et al. (1989) used the two-temperature model in which the vibra-
tional temperature is assumed to be equal to the electronic tem-
perature. Candler and MacCormarck (1991) assumed that each
molecule has their proper vibrational temperature, and developed
a six-temperature model. However, Candler and MacCormarck
(1991) concluded the same as Park (1990) that the use of one
vibrational temperature is a reasonable approximation. Candler
and MacCormarck (1991) and Josyula and Bailey (2003) used the
same approach to obtain the electron temperature from an equa-
tion of the electron energy. Coquel and Marmignon (1997) as-
sumed that thermal conductivity and viscosity of the electrons
are negligible, and have found a conservative formulation for
weakly ionized gas. Mitcheltree (1991) investigated the applica-
tion of several dissociation and ionization models for high-velocity
entries with a two-temperature model. All the authors cited above
assume that the vibration–dissociation coupling is modeled
according to the empirical relationship proposed by Park (1990),
and all use air chemical model with seven species.

In this work, the gas is chemically regarded as a mixture of par-
tially ionized air with seven species O, N, NO, O2, N2, NO+, e�. The
chemical reactions model used in this paper is proposed by Park
ights reserved.
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Nomenclature

Ai,j area of the cell (i,j)
Cs

v;tr specific heat at constant volume for species s for trans-
lational energy

Ds diffusion coefficient of species s
qee; ees electron–electronic energy per unit volume, mass of

species s
qevm ; evm vibrational energy per unit volume, mass of molecules

m
Fk convective and viscous fluxes in x and y directions on

each side of the cell
Hi,j axisymmetric source term
M̂s molecular weight of species s
NM total number of molecules
Nk outward normal vector on each side of the cell
NS total number of species
ps pressure of species s
QT–e translation–electronic energy transfer rate
QT—vm

translation–vibration energy transfer rate
Qvm—e vibration–electronic energy transfer rate
Qv—vm

vibration–vibration energy transfer rate
ri,j radius of the cell-center position
T translational–rotational temperature
Ta geometrically averaged temperature
Te electron–electronic excitation temperature
Tvm vibrational temperature of molecule m

t time
U vector of conserved quantities
u, v velocity in x and y directions

Greek symbols
� electron charge
ktr translational thermal conductivity of mixture
kv,m vibrational thermal conductivity of molecule m
kel electronic thermal conductivity of mixture
xs mass production rate for species s
c ratio of specific heat

species s
hr characteristic temperature of reaction r
hv,m characteristic temperature of vibration
q total density
qs density of species s

Subscripts
eq equilibrium
m molecule
s species
w wall
1 freestream
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(1985) which is applied to seven air species with 24 elementary
reactions. To couple the thermal and chemical nonequilibrium ef-
fects, the vibration–dissociation–vibration process has been taken
into account with Park’s model (1990). The flowfield is analyzed
thermally by using a model with four temperatures. It is assumed
that a single temperature controls the trans-rotational mode (T).
The vibrational–vibrational coupling between the various mole-
cules in nonequilibrium is taken into account, and two distinct
temperatures are used for their vibrational energy (TvN2

, TvO2
). NO

and NO+ are assumed to be in thermodynamic equilibrium with
the translational temperature. The last temperature is used for
the electronic-free electron modes (Te). The electron temperature
is obtained from the electron–electronic energy which limits the
numerical instabilities caused by the comparatively small mass
of the electron. This can be a reasonable assumption because the
difference between excitation temperature of the electronic mode
and the electron temperature is not yet clearly defined. A good
knowledge of the vibrational and electron temperature plays an
important role in a high temperature gas because they improve
the definition and evaluation of the chemical and physical proper-
ties of ionized hypersonic flowfield.

A robust flow solver has been developed based on the solution
of time-dependent Navier–Stokes equations with ideal gas
assumption. The code is based on a multi-block finite volume
scheme using the upwing technology with Riemann algorithm re-
placed by an AUSM+ algorithm in the case of a strong shock wave.
The MUSCL approach is used in conjunction with second-order to-
tal variation-diminishing (TVD) which accounts for nonequilibri-
um effects and ionization. The perfect gas relations are used to
determine the thermodynamic relations. The modified speed of
sound due to the presence of electron translational temperature
is implemented in the flux-splitting procedure.

The various upstream flow conditions for these computations
are equivalent to those obtained in the RAM-C flight. The numeri-
cal results presented in this paper have well been compared with
experimental data and with those obtained numerically by other
authors. Emphasis is placed on the influence of the nonequilibrium
and ionization effects on the flowfield.

2. Analysis

The governing equations for weakly ionized flow in thermo-
chemical nonequilibrium have been developed by Appleton and
Bray (1964) and Lee (1985). The two-dimensional full laminar Na-
vier–Stokes equations resolved in this work are written as conser-
vation laws in differential form as follows:

One mass conservation equation for each species,

oqs

ot
þ oqsuj

oxj
þ oqsV

j
s

oxj
¼ xs: ð1Þ

A mass-average momentum equation in x and y directions,

oqui

ot
þ oðquiuj þ pdijÞ

oxj
þ osij

oxj
¼
X

s

�NsZsEi: ð2Þ

A total energy equation,

oqe
ot
þ o

oxj
ððqeþ pÞujÞþ

o

oxj
ðqtj
þ qvmjþ qej

Þþ o

oxj
ðuisijþ

Xns

s

ðqshsV
j
sÞÞ

¼
X

s

�NsZsEiui: ð3Þ

A vibrational energy equation for each nonequilibrium molecule,

oqevm

ot
þ o

oxj
ðqevm ujÞ þ

o

oxj
ðqvmj þ qevm Vj

mÞ

¼ Q T—vm M̂ þ Q v—vm þ Q vm—e: ð4Þ

An electron–electronic energy equation,

oqee

ot
þ o

oxj
ððqee þ peÞujÞ þ

o

oxj
ðqej
þ
X

s

qsees V
j
sÞ

¼ uj
ope

oxj
� Q vm—e þ Q T—e þ Q el: ð5Þ
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The electronic states of each species are characterized by Boltzmann
distribution at Te (Tchuen et al., 2005). The absence of the conduc-
tion current is assumed, and an induced electric field due to the
presence of electron in the flow is expressed as

E
!’ � 1

Ne�
r!pe: ð6Þ

The mixture is assumed to be electrically neutral ð
P

s�NsZsEi ’ 0Þ
as a consequence of the chemical kinetic mechanism; for each
NO+ ion produced/consumed in the flow, an electron is also pro-
duced/consumed. The local charge neutrality is also assumed.
Thus, the number of electrons is equal to the number of ions at
each point:

qe ¼ M̂e

X
s¼ions

qs

M̂s

: ð7Þ

The state equation of the gas allows to close the system of Eqs. (1) to
(5). The total pressure is given as the sum of partial pressures of
each species regarded as perfect gas

p ¼
XNS

s¼1

ps ¼
X
s 6¼e

qsRsT þ qeReTe: ð8Þ

The total energy of the mixture per unit volume

qe ¼
X
s 6¼e

qsC
s
v;trT þ

1
2

X
s

qsu
2
s þ

XNM

m¼1

qmevm þ qee þ
XNS

s¼1

qsh
0
s : ð9Þ

is splitted between the translational–rotational, kinetic, vibra-
tional, electron–electronic contributions, and the latent chemical
energy of the species. T and Te are deduced through Eqs. (5)
and (9) with an iterative method. The vibrational temperature
of the diatomic species m is determined by inverting the expres-
sion for the energy contained in a harmonic oscillator at temper-
ature Tvm :

evm ¼
R

M̂m

hv;m

ehv;m=Tvm � 1
: ð10Þ
2.1. Transport coefficients

The viscous stresses sij are defined with the hypothesis of
Stokes. The dynamic viscosity is given by Blottner et al. (1971)
interpolation law. The thermal conductivity of each species is de-
rived from Vincenti and Kruger’s (1965) relation. Wilke’s semi-
empirical mixing rule (Wilke, 1950) is used to calculate total vis-
cosity and conductivity of the gas. For simplicity, the mass diffu-
sion fluxes for neutral species are given by Fick’s law with a
single diffusion coefficient (Tchuen et al., 2005). The diffusion of
ions is modeled with ambipolar diffusion coefficient Dambi

ion ¼ 2Ds.
To improve this formula, we used Dambi

ion ¼ Dionð1þ Te=TÞ as recom-
mended in Josyula and Bailey (2003); Ramsaw and Chang (1993).
The effective diffusion coefficient of the electrons (De) is propor-
tional to the ambipolar diffusion coefficient of the ions (Tchuen
et al., 2005).

The total heat flux is assumed to be given by Fourier’s law as

Q ¼
X

s

qs ¼ �
X

s

ðktr;srT þ kv;srTv;s þ kel;srTe þ qDshsrYsÞ:

ð11Þ

which is the resultant of the flux of conduction, vibration, elec-
tronics and the diffusion of the total energy. After using an exten-
sion form of Masson and Monchick assumptions (1962), and the
relation given by Ahtye (1972) to connect thermal conductivity
of vibration with the diffusion coefficient, a more convenient form
of the total heat flux is obtained as in Tchuen et al. (2005).
2.2. Energy exchange model

The energy exchange between translation and vibrational mode
QT–v is described according to Landau–Teller theory (Park, 1990)

QT—vm ¼ qm
evm ðTÞ � evm ðTvm Þ

sm
ð12Þ

and sm is the relaxation time expressed as in Tchuen et al. (2005).
The vibrational energy transfer between the different molecules

is modeled by Candler and MacCormarck (1991):

Qv—vm ¼
X
s 6¼m

PsmZsm
M̂s

N
evsðTvsmÞ � evs½ �; ð13Þ

where Tvsm is the same vibrational temperature obtained after the
collision of the two molecules, Zsm is the s �m collision number
per unit volume which is determined from kinetic theory (Vincenti
and Kruger, 1965), Pm–s and Ps�m are the two probabilities originat-
ing from the work of Taylor et al. (1967). These probabilities have
been presented recently in an exponential form by Park and Lee
(1993).

The expression of the energy exchanged during electron-heavy
particles collisions is derived from Lee (1985)

QT—e ¼ 3RqeðT � TeÞ

ffiffiffiffiffiffiffiffiffiffiffiffi
8RTe

pMe

s X
r 6¼e

qrN

M̂2
r

rer; ð14Þ

where rer are the collision cross-sections for interaction electron-
other particle. The value is assumed to be constant and equal to
10�20 m2.

Qe�vm is the energy source term from vibration–electron cou-
pling. It is assumed that only N2–e coupling is strong (Lee, 1986),
and its expression is assumed to be of the Landau–Teller form:

Qe�vm ¼ qm
M̂m

M̂e

evm ðTeÞ � evm ðTvm Þ
sem

; m ¼ N2: ð15Þ

where the relaxation time sem is a function of electron–electronic
temperature and electron pressure as presented in Candler and
MacCormarck (1991). The term Qel accounts for the rate of electron
energy loss when a free electron strikes a neutral particle and ion-
izes it, with a loss in electron translational energy.

2.3. Chemistry model

The chemical reactions model used is proposed by Park (1985)
which is applied to seven air species (O, N, NO, O2, N2, NO+, e�)
with 24 elementary reactions. The primary chemical reactions con-
sidered between species are

O2 þM�Oþ OþM;

N2 þM�Nþ NþM;

NOþM�Nþ OþM;

Oþ N2�NOþ N;
NOþ O�O2 þ N;

Nþ O�NOþ þ e�;

where the catalytic species M stands for any of the seven species.
The mass production rate is governed by the forward and backward
reaction rate constants defined by

K f;rðTaÞ ¼ ArT
ar
a expð�hr=TaÞ; ð16Þ

Kb;rðTÞ ¼
K f ;rðTÞ
Keq;rðTÞ

: ð17Þ

The equilibrium constant Keq,r is usually given as a function of
temperature:



Part of RAM-CII vehicle

60 x 70 grid

R=0.1524 m

L=0.29 m

Fig. 1. Computational grid 60 � 70 for a part of RAM-C.

Table 1
Detail of freestream conditions and grids used for RAM CII Calculation

Experiments Ram CII Candler and
MacCormarck (1991)

Ram CII Candler and
MacCormarck (1991)

Altitude (km) 61 71
R (mm) 152.4 152.4
M1 23.9 25.9
U1 (m/s) 7636.4 7658.6
P1 (Pa) 19.85 4.764
T1 (K) 254 216
Tw (K) 1500 1500
Re1 19,500 6280
Kn1 1.2 � 10�3 4.1 � 10�3

Grid IM 60 70
Grid JM 70 70
Dxmin(m) 2.1172 � 10�5 2.002 � 10�5

Dymin(m) 2.7318 � 10�4 1.27 � 10�4
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Keq;r ¼ exp
X5

i¼1

AirZ
i�1

 !
; Z ¼ 10;000

T
: ð18Þ

The constants Air, Ar, ar, and hr are experimentally determined and
can be found in Park (1985). The vibration–dissociation coupling
(CVD) for diatomic species is modeled according to the empirical
relationship suggested by Park (1990) with the definition of the
average temperature Ta. The controlling temperature Ta of different
reactions is defined here as a weighted average of the translational
temperature T of heavy particle and vibrational temperature Tvm

when no free electrons are generated. Thus, for the dissociation
reactions, Ta ¼ TqT1�q

vm
is used in the forward reactions while the

backward reactions are controlled by Ta = T. When the impacting
particle is an electron, the forward rate is controlled by vibrational
and electron temperatures. Sharma et al. (1988) suggested that the
value of q varied from 0.6 to 0.7 might be more realistic especially
for highly energetic flows, and the value 0.7 is chosen here.

3. Numerical method

3.1. Numerical procedure

The governing partial differential Eqs. (1) to (5) are discretized
in space by using a finite-volume approach with a central formula-
tion over structured mesh. The inviscid fluxes at cell interfaces are
calculated through a Flux-Difference-Splitting (FDS) approach
which uses the solution of the local Riemann problem (Godunov,
1959). The second-order spatial accuracy is obtained by employing
the monotonic upstream schemes for conservation laws (MUSCL-
Hancock) (Roe, 1983) with a TVD extension type scheme approach.
The exact Riemann solver is replaced by an AUSM+ in the case of a
strong shock wave, and the Mimmod limiter function is used for
the inviscid fluxes. The viscous terms are classically discretized
by second-order central difference approximation.

The explicit formulation, which gives the variation of Ui,j during
time Dt on each cell (i,j), can be written in two-dimensional axi-
symmetric coordinate as

DUi;j

Dt
þ 1

Ai;jra
i;j

X4

k¼1

FkNk ¼ aHi;j þXi;j; ð19Þ

where a = 1 for an axisymmetry coordinate system, and a = 0 for pla-
nar two dimensions. This equation, extended to all domain, allows
the numerical computation of all unknown variables of the system
for unsteady flowfield. The source term X is treated implicitly to re-
lax the stiffness. A time predictor–corrector algorithm is used to ob-
tain second-order time accuracy. The speed of sound plays a major
role in flux-split algorithm. Its evaluation in the case of one transla-
tional temperature is no longer applicable in the case of multiple
translation temperature. The correction of the speed of sound due
to electronic contribution and the presence of electron translational
temperature has been included (Cinnella and Grossman, 1990):

a2 ¼ c
p
q

� �
þ ðc� 1Þ T

Te
� 1

� �
pe

q
; ð20Þ

where classical speed of sound is obtained when T = Te.
The structure of this code is multi-blocks, and uses parallel pro-

cessing machine architecture for significant enhancement of effi-
ciency in treating of complex flow configuration. A detailed
description of this numerical method may be found in Tchuen
et al. (2005).

3.2. Boundary conditions

The freestream condition is hypersonic. The outflow is super-
sonic, and the zero gradient exit condition is appropriate. Along
the stagnation line, the flowfield is symmetric. The wall tempera-
ture (Tw) is fixed, and zero normal pressure gradient is imposed.
The no-slip and no-temperature jump conditions are used. At the
wall, the flow is generally assumed to be in thermal equilibrium.
Because of the shielding effect, we have assumed either
T ¼ Tvs ¼ Te when vibrational and electronic energy content is
greater than the electron translational energy content or
oTvs=on ¼ oTe=on ¼ 0 otherwise. The wall is supposed to be chem-
ically noncatalytic.

The upstream flow conditions and the details of grid considered
in this study are reported in Table 1. In each case, the freestream
air gas is composed of 79% N2 and 21% O2. The gas rarefaction,
which is characterized with the Knudsen number, is related to
Mach number and Reynolds number

Kn1 ¼
Ma
Re

ffiffiffiffiffiffiffi
c
p
2

r
; Re1 ¼

RU1q1
l

; ð21Þ

where R is the radius. The grid point used in calculations is densely
distributed near the wall and near the shock standoff distance as
shown in Fig. 1. The number of nodes and the minimum grid spac-
ing in x and y directions, respectively, are reported in Table 1.
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Three grid levels have been employed to achieve grid indepen-
dence. For the Mach 23.9 case, the following grid sizes (30 � 50),
(60 � 70) and (70 � 90) are used. The effect of the grid sizes on
the translational temperature distribution and the shock detach-
ment distance along the stagnation streamline is shown in Fig. 2.
The coarse grid of 30 � 50 nodes has a lower translational temper-
ature than the medium grid 60 � 70 and the fine grid of 70 � 90
grid. The shock wave is better represented by the medium and fine
grids. The magnitude of the Richardson extrapolation error estima-
tor (Roache, 1998) for the peak translational temperature using the
coarse and medium grids is 2.85%, and using the medium and the
fine grids is 1.30%. The medium grid with 60 � 70 nodes in the ax-
ial and normal directions, respectively, was considered adequate,
and used for the Mach 23.9 case. A similar grid study conducted
for the Mach 25.9 case resulted in the use of 70 � 70 nodes in
the axial and normal directions.

4. Results and discussions

The numerical results presented here concern Radio Attenuation
Measurement RAM-C tests. The figure of flight experiments is
shown in Park (1990). The RAM-C flight is a program conducted
by the NASA Langley Research Center to assess the effects of black-
out during re-entry. The body for each RAM-C flight was a blunted
sphere–cone with a 0.1524 m nose radius, 9-deg cone half-angle,
and a total length of 1.3 m. Two cases of Mach 23.9 and 25.9 corre-
sponding, respectively, at altitudes of 61 km and 71 km are studied
here. The RAM-C experiment is chosen for its boundary conditions
which are perfectly definable. The computations were performed to
replicate the RAM C-II flight experiment and to confirm the capacity
of the code to simulate correctly weakly ionized hypersonic flow.
These experiments were numerically studied by several authors
(Candler and MacCormarck, 1991; Park, 1990; Josyula and Bailey,
2003; Barbante, 2001). The interest of different works is to highlight
a model that produces better results. The influence of the reel gas
effect on aerothermodynamic parameters is investigated here.

4.1. The M1 = 23.9 case, H = 61 km

The contours Mach number are plotted in Fig. 3, and show the
strong detached bow shock wave with a subsonic pocket in the
nose region. The shock wave converts the high kinetic energy of
the upstream flow into the various internal energy modes, leading
to significant chemical and thermal nonequilibrium in the stagna-
tion region. The contours pressure isolines are drawn in Fig. 4. The
thickness of the shock layer is visible and enables the appreciation
of the position and the intensity of the shock. The peak pressure oc-
curs at the stagnation point in the compression zone, and de-
creases rapidly as the gas expands along the body. Fig. 5 shows
the predicted temperature distribution obtained along the stagna-
tion streamline at Mach 23.9. The comparative evolution of the
various temperatures justifies the choice of the model at four tem-
peratures. The difference between TvO2

and TvN2
becomes larger for

a strong Mach number in a flow at relatively low density condition.
The use of a model at one temperature of vibration can induce mis-
calculations in the kinetic of the reactions, which will influence the
calculation of the thermodynamic parameters. The mass fractions
of the major constituents of the gas on the stagnation line are plot-
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ted in Fig. 6. The relatively high density conditions of the flow yield
a high reactivity. The oxygen is fully dissociated. This plot indicates
the degree of chemical nonequilibrium in the flowfield. Behind the
shock wave, the molecules of oxygen are completely dissociated,
and one notes a strong recombination of diatomic nitrogen near
the wall because of the relatively cooled wall which does not favor
the dissociation.

Fig. 7 shows the same quantities at the point where the sphere,
and the cone join. At this location, the flow is supersonic except in
the boundary layer and the gas that originated at the nose has ex-
panded around the sphere causing the translational temperature to
drop. As a result, the gas is less reactive. The oxygen in the wall re-
gion is fully dissociated and the nitrogen is appreciably reacted.
The maximum concentration of NO+ and e� is less than 0.02%,
and is not drawn here. This is due to the strong expansion of the
flow, which causes the freezing of the vibrational-electron–elec-
tronic excitation energy. Fig. 8 shows that the gas is relatively cool
with a peak translational–rotational temperature of 7500 K. The
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vibrational temperature of N2 is higher than the translational tem-
perature near the wall. The identical evolution of Te and TvN2

shows
the strong coupling which exists between N2 and e�. This is a result
of the vibrational temperature energy being frozen in the gas as it
is swept around the shoulder of the body. The equilibration of N2

vibrational temperature and electronic temperature is the basis
of Park’s two-temperature model.

The non-dimensional standoff distance, the peak temperatures
(T; TvN2

) and NO+ peak mass fraction are compared to those ob-
tained with the computational codes implemented by other
authors as shown in Table 2. The peak of translation–rotational
Table 2
Comparison code to code along the stagnation line for RAM-CII at M1 = 23.9

Parameters Present Candler and
MacCormarck
(1991)

Josyula and
Bailey (2003)

Coquel and
Marmignon (1997)

d = X/R (%) 6.75 9.18 7.21 7.87
Peak of T (K) 18,400 22,500 20,500 20,000
Peak of TvN2

(K) 11,700 11,000 9400 13,000
Peak of Te (K) 8025 8300 8700 –
Peak of NO+ (%) 0.313 0.164 0.1 0.32
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temperature reaches 18,400 K. The electron temperature peak near
the wall is about 8025 K, and is closed to the temperature obtained
by Candler and MacCormarck (1991). The last excited mode is elec-
tronic mode. Various existing couplings lead to a relaxation of all
internal modes towards the wall temperature. The dispersion ob-
served can be attributed to the difference in the models despite
some commonalities among them. Candler and MacCormarck
(1991) used an implicit Gauss Siedel line relaxation technique
developed by MacCormack, with a coarse mesh for calculation.
Josyula and Bailey (2003) included additional eigenvalue in flux
splitting, Roe flux difference split scheme with an entropy correc-
tion is used. Coquel and Marmignon (1997) used the Roe scheme.

The skin friction coefficient (sw=ð12 q1U2
1Þ) and the wall heat

flux are plotted in Figs. 9 and 10. One notes a sensitive decay of
maxima of friction coefficient with the consideration of the elec-
tronic relaxation. By neglecting these effects, the chemical reaction
will be overestimated. In the compression zone, the influence of
the normal gradient is clearly evident and past the compression
zone, the longitudinal velocity gradient at the wall is high. One
can notice that the electronic thermal contribution affects the sur-
face heat flux with an increase of about 8.6% at the stagnation
point. Barbante’s stagnation point heat flux is also reported. Barb-
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Fig. 9. Influence of electronic relaxation on the skin friction coefficient for Mach
23.9.
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Fig. 10. Influence of electronic relaxation on the wall heat flow for Mach 23.9.
ante (2001) uses the Hybrid Upwind Splitting (HUS) scheme with a
seven species air model.

4.2. The M1 = 25.9 case, H = 71 km

The predicted temperature distribution along the stagnation
streamline is shown in Fig. 11 for Mach 25.9 case. When one takes
into account the electronic excitation, a new distribution of ener-
gies on the internal modes is obtained. The evolution of various
temperatures is different. The peak of translational temperature
is around 19,900 K behind shock wave. This high temperature
leads to an important chemical activity. Fig. 12 shows the resulting
mass concentrations of species along the stagnation streamline.
Oxygen is fully dissociated behind the shock wave, and nitrogen
molecules are dissociated with a mass fraction of 0.56 near the sur-
face. For a high Mach number air flow, the dissociation products of
nitrogen and oxygen downstream of the shock recombine to form
nitric oxide molecules which ionize at the high temperatures. Free
electrons are produced in the flowfield in the associative-ioniza-
tion reaction of nitric oxide. The formation of the peak of the elec-
trons is at the normalized location (X/Rn) of 0.05 in the postshock
region. This maximum corresponds with the maxima of NO+

concentration.
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Table 3
Comparison code to code along the stagnation line for RAM-CII at M1 = 25.9

Parameters Present Candler and
MacCormarck (1991)

Josyula and
Bailey (2003)

d = X/R (%) 8.47 12.46 9.84
Peak of T (K) 19,900 25,000 22,000
Peak of TvO2

(K) 16,000 10,700 –
Peak of TvN2

(K) 11,750 11,000 13,500
Peak of Te (K) 4510 6500 5100
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Fig. 15. Comparison with experiment of the peak of electron number density
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A very good comparison of some aerothermodynamics parame-
ters is presented in Table 3. Candler and MacCormarck (1991) and
Josyula and Bailey (2003) results are also reported. Substantial dis-
crepancies can be observed between the different results obtained.
The wide dispersion obtained in the table comes from the different
models used by the authors cited. One can also observe that for
Mach 23.9 case, the nonequilibrium effects are confined to about
half the shock layer. As a consequence, the standoff distance in-
creases by approximately 20.31% than Mach 25.9 case.

The comparison of the friction coefficient and wall heat flux is
drawn in Figs. 13 and 14. One notes a decrease of maxima of the
θ
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Fig. 13. Influence of electronic relaxation on the skin friction coefficient for Mach
25.9; H = 71 km.
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Fig. 14. Influence of electronic relaxation on the wall heat flow for Mach 25.9;
H = 71 km.

following the axial distance.
friction coefficient of the order of 6.12% and an increase of about
9.16% of the stagnation point heat transfer during the consider-
ation of the electronic relaxation. Candler and MacCormarck
(1991) have also performed calculations with an air-7 model de-
rived from Park, with fixed temperature and noncatalytic wall
boundary conditions. As shown Fig. 14, the predicted heat flux at
the stagnation point obtained by Candler and MacCormarck
(1991) and estimated from Stanton number is about 2.5 MW/m2.
Figs. 10 and 14 show the interest to take into account all modes
of energy in the calculation of heat flux. The influence of chemical
reactions which are endothermic is also perceptible.

Fig. 15 shows the comparison of the computed and the mea-
sured peak electron number density along the body for Mach
23.9 and 25.9. The comparison shows very good agreement, with
a scatter from the experimental values similar to that reported
by other authors. Most of the ionization occurs at stagnation re-
gion. The electron number density is maximal in the stagnation
point of the obstacle, and decreases along the body.

5. Conclusion

Application of the model to compute flow such as Radio Atten-
uation Measurement Experiment (RAM-C) shows reasonably accu-
rate solutions. The present mathematical and numerical model
allowed a robust, and efficient code to be developed, leading to a
better evaluation of various aerothermodynamic parameters for
high Mach numbers. The results were successfully validated with
experimental and computation work for surface heat transfer, the
shock standoff distance and thermodynamic parameters.

The effect of electronic relaxation and ionization on tempera-
ture distributions and species concentrations is noticeable. Stagna-
tion point heat flux for the solution with electronic relaxation is 4–
9.2% higher than for the solution without electronic nonequilibri-
um according to considered cases. To neglect these effects in high
enthalpy flow can lead to an overestimation of chemical activities
and an underestimation of the wall heat flux.

Further research is required for the development of the numer-
ical algorithm which will improve the computational time that re-
mains very long. An improvement of the present model should
envisage an extension of the number of chemical species that
would allow for the consideration of the radiation in the flowfield.
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