
JOURNAL OF SPACECRAFT AND ROCKETS
Vol. 32, No. 2, March-April 1995

Modeling of Ionizing Hypersonic
Flows in Nonequilibrium

F. Grasso* and G. Capano1^
University of Rome "La Sapienza" 18-00184 Rome, Italy

A two-temperature model is developed for the description of thermal and chemical nonequilibrium viscous
hypersonic flows including ionization. A preferential dissociation model and nonpreferential removal of vibrational
and electronic energy are assumed. For weakly ionized flows, an ambipolar diffusion coefficient is introduced
to describe ion diffusion. The numerical technique relies on a finite-volume approach based on a second-order
accurate Total-Variation-Diminishing formulation that allows for thermal and chemical nonequilibrium effects
as well as for ionization. The model has been applied to compute ionizing hypersonic flows over a wedge and a
RAM-C geometry. Applications have shown that, for weakly ionized flows, ionization is essentially decoupled from
the other field properties. Moreover, the computations show the importance of considering kinetic and diffusive
mechanisms fully coupled in order to properly understand the flow features.

Nomenclature
a = eigenvalue of inviscid-flux Jacobian
b = span base vector
c = frozen speed of sound
cv = constant-volume specific heat
D = diffusion coefficient
E = total energy; activation energy
e = internal energy; electron charge
e~ = free electron
F = sum of inviscid and viscous fluxes; x component of flux
G = y component of flux
H = source-term vector
H = total enthalpy
h = enthalpy
K = pressure derivatives
k = Boltzmann constant
m = mass of molecule
n = outward unit normal
n = number density
p = pressure
Q = total heat flux
R = right eigenvector matrix
R = gas constant
S = cell area; thermal-nonequilibrium source term
T = temperature
w,u = velocity components
V = diffusion velocity
W = vector unknown
W = molecular weight
w = chemical nonequilibrium source term
X = molar fraction
x,y = coordinates
Y = mass fraction
a = difference of characteristic variables
ft = cell face
8sq = Kronecker delta
A = collision integral
Ah° = enthalpy of formation
As = cell face length
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€ = energy per unit volume
rj = thermal conductivity
9 = characteristic temperature
fji = viscosity
v* = effective collision frequency
p = density
a = total stress tensor; collision cross section
r = vibrational relaxation time
X = pressure derivative

Subscripts
E = inviscid contribution; electronic
EC = electronic excitation
el = free electron
e = electronic; electron
I = ion
/, j = cell indices
num = numerical
p, q = pth, qth species
R = removal
rot = rotational
T = translational
tr = translational
V = viscous contribution; vibrational-electron-electronic
v = vibrational
x, y = x,y components
oo = freestream

Superscripts
e = electronic
i = £th component
q = qth species
v = vibrational
H- = ion
/ = heavy particle

Introduction

T O develop an advanced space transportation systems at high
speeds, the high-temperature effects must be understood in de-

tail. In the flows through bow shocks or within the boundary layer,
the high kinetic energy content is converted in internal energy, thus
increasing the (translational) temperature of the gas. The high tem-
perature causes vibrational and electronic excitation, dissociation
of diatomic molecules, and ionization. Under typical hypersonic
conditions, air must be considered as a mixture of reacting gases
whose thermodynamic state is characterized by: 1) a translational
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temperature (identifying the translational and rotational energy
modes), 2) a vibrational temperature for each of the polyatomic
species (identifying the vibrational energy contribution), and 3) an
electronic temperature (for the electronic energy contribution of the
heavy particles and for the translational contribution of the free
electrons).

Depending upon the characteristic scales of the exchange pro-
cesses, different chemical states may arise, i.e., equilibrium, frozen,
and nonequilibrium. In the present work, we focus our attention on
flows characterized by finite-rate processes, i.e. by nonequilibrium
processes with ionization. The simulation of thermal- and chemical-
nonequilibrium hypersonic flows with ionization has been investi-
gated by several authors. Deiwert and Candler1 assume 1) rapid
energy exchange between the translational and rotational modes,
2) a finite energy transfer rate for the vibrational modes of the dif-
ferent diatomic species, and 3) the same temperature characterizing
electron translation and electronic modes. For the coupling between
vibration and dissociation Deiwert and Candler assume a nonprefer-
ential removal of vibrational energy. For high-temperature ionized
air Deiwert and Candler developed a six-temperature model to com-
pute Aeroassist Orbit Transfer Vehicle (AOTV) flight experiments,
and have shown the influence of thermochemical nonequilibrium
on the flowfield. Palmer2 has developed a two-temperature model
to compute dissociating, ionizing flows in thermochemical nonequi-
librium. He also assumes a simple model for vibration-dissociation
coupling as proposed by Deiwert and Candler. Applications of the
model to compute flows such as those in the Aeroassist Flight
Experiment (AFE) and Radio Attenuation Measurement Experi-
ment (RAM-C) show reasonably accurate solutions. Hatfield and
Candler3 have used a three-temperature model to study nonequilib-
rium effects in a one-dimensional ionized-nitrogen flow, and have
developed a technique to remove some inconsistencies encountered
in the treatment of the electron pressure contribution as originally
proposed in Ref. 1. Mitcheltree4 has investigated the application of
several dissociation and ionization models for high-velocity entries
with a two-temperature model, where the chemical-vibrational cou-
pling is taken into account by means of a weighted dissociation rate
controlling the temperature. Gnoffo et al.5 have developed a rather
complete model for thermal- and chemical-nonequilibrium ionizing
flows based on either a two- or a three-temperature model. Those
authors assume curve fits for the thermodynamic relations and col-
lision integrals, and a preferential dissociation model similar to that
of Ref. 1. Applications of the model to compute AFE flows show
limitations arising from uncertainties in the thermodynamic and
collision-integral curve fits, the chemical reaction mechanism, and
the effects of preferential dissociation modeling. In the absence of
ionization, Grasso and Bellucci6 have developed a two-temperature
model for thermochemical-nonequilibrium flows, which employs a
vibrational coupling factor and a nonpreferential removal of vibra-
tional energy. Applications of the model have shown the influence
of thermal nonequilibrium on the properties of the flowfield.

It must be pointed out that most of the nonequilibrium hyper-
sonic flow simulations with ionization consider the flow weakly
ionized, and plasmadynamic effects are generally neglected. This is
believed to be a good approximation for many forebody flowfields
of aerospace interest. However, Shebalin7 has recently shown that
macroscopic plasmadynamics may affect the flow past an ionizing
bowshock around an aerobraking spacecraft.

In the present paper we develop a model for thermochemical-
nonequilibrium flows, with ionization, under the assumption of
a rapid energy exchange between the vibrational and electron-
electronic modes and weak ionization. The diffusional effects on the
translational-vibrational energy exchanges are neglected, perfect-
gas relations are used to determine the thermodynamic relations, and
collision-integral curve fits are employed for the transport mecha-
nism. Moreover, expressions derived from classical kinetic theory
are used to evaluate the energy exchanges between translational
modes of electrons arid heavy particles. The equations are solved
by a finite-volume approach based on a total-variation-diminishing
scheme that allows for nonequilibrium effects and ionization. The
model has been applied to compute ionizing nonequilibrium flows
over a wedge and over a RAM-C geometry (blunt 9-deg cone).

Governing Equations
The governing equations are the conservation equations for a

mixture of gases in thermal and chemical nonequilibrium under the
continuum assumption. The model assumes a single translational
temperature (7, which characterizes the translational modes and
the fully excited rotational modes) and a single vibrational-electron-
electronic temperature (TV, which characterizes the vibrational and
electronic modes of heavy particles and the translational modes of
the free electrons). Moreover, neglecting externally applied elec-
tric and magnetic fields, it is assumed that charge separation and
conduction currents are negligible. In vector form the conservation
equations are

where

and

3 f 1 f— I WdS+d) V-nds = RdS
dt Js Jds Js

W = [pq, pu, pv, pE, pev]T

F = (FE - Fv, GE - Gv)

H = [11^,0, 0,0, Svf

r 2 ~\T
F£ = [pqU, pU + p, pUV, puH, pllCyJ

GE = \_PqV, puv, pv2 + /?, pvH, pwev]

(Fy, GV) = [~PqVq, Or, U <T - Q, -Qyf

(Vu)r]-f

Q = -

Qv = -

(1)

J?ei) V7V + T hq
vpq\

H = E + -
P

pq\q = ~pDqVXq

For heavy particles, hq
v = e^, while for electrons /zel — h^ =

*ei + Pel Pe, and the vibrational-electron-electronic energy source
term is

= ~Pe V • u + ST-V +

(note that SM includes the term —peV • u, which is the electron
pressure work and is related to the work of the electric field).

Thermodynamic Relations
In general the internal energy and the enthalpy of species q are

functions of the translational and vibrational temperatures. Assum-
ing mode separability, the internal energy of the heavy species is the
sum of the translational and internal contributions.8'9

For atomic species, one has

(2)
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For diatomic species, assuming full excitation of the rotational
modes, one obtains

(3)

(4)

The electron translational energy is given by

The vibrational and electronic energy contributions are obtained
assuming Boltzmann distributions at the vibrational-electron-elec-
tronic temperature TV, thus yielding

(5)

(6)

where gqj represents the /th-state degeneracy.8"10

Because of vibration-dissociation coupling, dissociation occurs
mainly at the higher vibrational levels. For harmonic oscillator be-
havior, only a finite number of such levels can then be taken into
account in evaluating the vibrational energy.9 The number of vi-
brational levels before the occurrence of dissociation depends on
the dissociation energy of each molecule. For nitric oxide, molec-
ular oxygen, molecular nitrogen, and nitric oxide ions one obtains
\rv _ 90 ATV _ 97 ATV — T.A \rv — in
^VNO ~ Z8» ^Oa ~~ Z /» yVN2 ~~ ^» /VNO+ ""

In the present work, it has been assumed that associative ioniza-
tion of atomic nitrogen and oxygen is mainly responsible for the
production of nitric oxide ions (NO+) and electrons (as discussed in
a later section). For the six heavy species that have been considered
[O, N, NO, O2, N2, NO+], the number of electronic states given in
Ref. 10 is N* = 19,22,15, 19,11, 8. However, spectroscopic data
for the higher electronic states are uncertain; moreover, if the tem-
perature is below 10,000 K, a reduced number of electronic states
can be used. Park and Yoon11 argue that the only excited electronic
states are those that have an energy exceeding that of the ground state
by less than 2 eV, thus obtaining Af| = 2, 2,0, 3,0,0. Likewise, in
Ref. 2 the electronic excitation of nitric oxide, diatomic nitrogen,
and nitric oxide ions is neglected, and N* = 3, 3,0, 3,0,0, whereas
Ref. 1 uses the first two levels for all species. In the present model
the number of electronic states has been determined by requiring
that the percentage error of the internal energy of each species,
computed with a reduced number of states, be less than 1% of the
value obtained by allowing for all electronic states, which gives
#• = 2,3,2,7,2,1.

Transport Coefficients
At high temperature the transport properties (viscosity, thermal

conductivity, and diffusion coefficients) are affected by chemi-
cal composition, besides the translational and vibrational-electron-
electronic temperature dependencies.

In the present work the transport coefficients are based on the
Chapman-Enskog theory, extended to include the effects of momen-
tum and energy transfer between different species by collisions.12

This is done by introducing the collision integrals (A***, k = 1,2),
which depend upon the dynamics of the collisions between particle
of types q and r, and on the interaction energy potential. Follow-
ing the work of Refs. 5, 12, and 13, the collision integrals for en-
counter of heavy particles with each other are evaluated at the heavy-
particle translational temperature 7\ while those for collisions be-
tween electrons and any other particle are evaluated at the electron
temperature TV-

The mixture viscosity is defined as

AT-1 meye

where yq = Yq/ Wq is the molar concentration.
(7)

For a mixture of gases in thermal nonequilibrium, the heat con-
duction include the contributions of the different energy modes.

The translational thermal conductivity of the heavy particles is
defined as

15
E,*.Wr*%(T) + 3.54y.Ag(7V)

with

aq,r = 1 + •
- (m,/mr)][0.45 - 2.54(m,/mr)]

(8)

(9)

(10)

where the q summation is over all diatomic species.
For the vibrational and electronic thermal conductivity we have

used a simplified expression corresponding to partial excitation of
the two modes, thus obtaining

For the fully excited rotational mode we have

^A™ (TV)

N-l

(ID

(12)

The free-electron translational thermal conductivity is expressed as

= 15^_________K
4 V . 1.45v.A

(13)

The diffusion coefficient of species q in the mixture is given by

(14)

where y, = £^)V
In a partially ionized gas, with the assumptions of zero electric

current and charge neutrality, the induced electric field affects the
diffusion of the charged species. As shown in Refs. 5 and 13, the
effective diffusion coefficient of the electrons (De) is proportional
to the ambipolar diffusion coefficient of the ions, i.e.,

(15)
mNO+ mNO+

Chemistry Model
Finite-rate chemistry has been modeled by using the 17-reaction

mechanism of Ref. 10. Moreover, for weak ionization we have only
considered the least endothermic associative ionization reaction,
thus obtaining

N2 + O ̂  NO + N
NO + O ±; O2 + N

N + O ±^ NO+ 4- ^~

where M is any of the neutral species. The forward and backward
reaction rate constants are evaluated as

(17)

(18)
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where the equilibrium constant &eq,r is defined in Ref. 14, the con-
stants C and 77 are, respectively, the Arrhenius constants and the pre-
exponential factors (given in Ref. 10); the reaction-rate-controlling
temperature of the dissociation reactions, which reflects the cou-
pling between vibration and dissociation, is defined as

rri nnn <T-<\—n
Id = 1 *V

In Ref. 5 a value of n = 0.5 was found to place too much weight
on Tv. More recently Park10 and the authors of Ref. 5 used a value
of n = 0.7, thus obtaining faster dissociation reactions immediately
past the shock. References 4 and 15 introduced a dependence of
n upon the vibrational temperature. In the present work we have
chosen16 the value n = 0.5; moreover, for the dissociative ionic re-
combination, which is characterized by electron translational modes
and vibrational energy modes of ions, we have followed the approach
of Ref. 1 and have assumed T& = Ty.

Vibrational-Electron-Electronic Energy Exchanges
Referring to the vibrational-electron-electronic equation, the

source term Sv includes the translational-vibrational energy ex-
changes (Sr-v)» the heavy-particle-electron translational energy ex-
changes (ST-E), anc* me vibrational-electron-electronic energy lost
(or gained) in chemical reactions (SE-R)-

The T-V energy exchanges are modeled according to Landau-
Teller theory8"10:

e«(T)-e*(Tv) (19)
qmol

where10 the vibrational relaxation time is defined as the sum of
the molar averaged Millikan-White17 relaxation time r^"w and the
collision-limited10 time rj:

where aen is assumed to be constant over the most likely range of
electron temperature TV and is set equal to creri = 10~16cm2.

The energy removal contribution due to coupling between chem-
istry and vibration and to electron-electronic excitations has been as-
sumed to be related to the average vibrational and electron-electronic
energies, as also assumed in Refs. 1, 2, and 5, i.e.,

(25)

Numerical Solution
The solution of the governing equations for high-speed flows re-

quires the use of robust and accurate schemes. The flux-difference
splitting of Roe in Ref. 19 and the flux-vector splitting of Refs. 20
and 21 have been widely used for (perfect-gas) high-speed flow com-
putations. Roe's approximate Riemann solver has been extended22

to (real-gas) hypersonic flows in equilibrium. Flux-vector splitting
for real gases has been developed in Refs. 3, 23, and 24. A second-
order symmetric total-variation-diminishing (TVD) scheme for in-
viscid flows was implemented in Ref. 25 for chemical equilibrium.
A more general methodology for the solution of hypersonic flows in
nonequilibrium has been presented in Ref. 26. Grasso and Bellucci
have followed the approach of Ref. 26 to develop a second-order
method to include thermal- and chemical-nonequilibrium effects.6
In the present work we have extended the latter two approaches to
ionizing nonequilibrium flows.

Space and time discretizations are separated by using the method
of lines, and a system of ordinary differential equations is ob-
tained for every computational cell. A cell-centered finite-volume
formulation is employed. By approximating surface and bound-
ary integrals by means of the mean-value theorem and midpoint
rule, the governing equations are cast in the following discretized
form:

_ M-W+
— lq '

where

M-W _
~~ Xr '

V

(20)

(21)

rq,r = - exp J - 0.015WJ.) - 18.42]

A,,,. =

The heavy-particle-electron translational energy exchanges are de-
rived from classical kinetic theory, under the assumption of a dis-
placed Maxwellian distribution function of molecular velocity (i.e.,
in a frame of reference moving with the mean flow velocity of the
species). Neglecting frictional heating of the electrons due to differ-
ences between the electron and heavy-particle velocities, one obtains

ST-E = 2mene :|^(r-r,« (22)

(26)

The inviscid discretization is based on an upwind biased second-
order TVD scheme that includes for nonequilibrium and ionization.
The scheme has good properties of monotonicity and conservativity
in the presence of discontinuities, and it yields second-order accu-
racy and oscillation-free solutions. By enforcing consistency at cell
face (/ + 5, j\ the numerical inviscid-flux discretization is cast in
the following form:

,• + , y

The expression for the elements of the vector 3>/+ 1 • is obtained by
characteristic decomposition in the direction normal to the cell face:

where

where v*r is the collision frequency for electrons and species r.
The effective collision frequency for electron-ion and electron-

neutral-particle encounters is determined as suggested in Refs. 1
and 18:

64

(2*7V)

_ [90
\ [4 nne

7tme

(23)

(24)

gfj =minmod(af+, ..af-i ,;)

minmod(;c, y) — sgn(x) max{0,

Here V(z) is an entropy correction to |z|. The minmod limiter has
been used for the second-order antidiffusive flux contribution g,
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for its computational efficiency and speed of convergence. Follow-
ing the work of Vinokur,26 the right eigenvector matrix is defined
as

$sq o
u -cny

v cnx

u.u/2-xq/K c(u-b)
0 0

O F , Y, '
0 M + cnx u — cnx
0 v + cny v — cny
£ H + cwn // — cwrt
1 v̂ v̂

(27)

where the pressure derivatives are defined as

(28)

and

(Ke - (29)

The values at the interfaces are calculated by using a general-
ization of Roe's averaging19 to allow for thermal and chemical
nonequilibrium.

The numerical viscous fluxes are evaluated by applying Gauss's
theorem to a cell whose vertices are the two grid nodes at cell face
0 + |,./) and the centers of the two adjacent cells (/, j) and (i +1, j),
and a bilinear interpolation of cell-center values is employed to
determine nodal values.

In the presence of nonequilibrium ionizing flows, stiffness arises
for the disparity between the characteristic time scale of the re-
laxation processes and the fluid-dynamic one. For steady flows the
stiffness can be reduced by preconditioning the system of discretized
(ordinary differential) equations. The time integration is performed
by a three-stage Runge-Kutta algorithm, where the source terms are
treated by a point implicit algorithm6'27 by introducing a precondi-
tion matrix that is related to the partial Jacobian of the source term.

Boundary Conditions
At the freestream boundary, depending on the flow direction, ei-

ther extrapolation conditions or freestream values are imposed. At
the outflow, first-order extrapolation is imposed. At the wall, no-slip
conditions are enforced on the velocity, zero normal pressure gradi-
ent is imposed, and fixed translational wall temperature or adiabatic
conditions are set.

It must be pointed out that the use of a two-temperature model
may lead to inconsistencies in the wall treatment of the vibrational-
electron-electronic energy boundary condition. Indeed, at the wall
the flow is generally in thermal equilibrium, i.e., TV = T. However,
because of the shielding effect, a wall can also be assumed to be
adiabatic with respect to the electron energy flux, i.e., dTy/dn = 0.
At the wall we have then assumed either TV = T if the vibrational-
electronic energy content is greater than the electron translational
energy content, or 3Tv/3n = 0 otherwise. Gas-surface interaction
has been neglected, and Neumann boundary conditions (zero normal
gradient) are imposed on the species mass fractions.

Results
In the present work we have analyzed the effects of shock strength

on ionization and thermal and chemical nonequilibrium. In partic-
ular, we have considered flows characterized by weak shocks (i.e.,
wedge-type flows) and blunt-body flows characterized by a strong
bow shock.

0 1000 2000 3000 4000 5000 6000 7000 8000

Temperature (K)

Fig. 1 Wedge (solid curve, T, V^ = 8100 m/s; dashed curve, TV,
VQO = 8100 m/s; dotted curve, T, Voo = 11,000 m/s; diamonds, TV,
Voo == 11,000 m/s).

I °'2
^ 0.15

X=3.5 m

-20 0 20 40 60 80 100 120 140

Energy Transfer Terms and Electron Pressure Work

Fig. 2 Wedge, Voo = 8100 m/s (solid curve, electron pressure work;
dashed curve, T-V energy exchange; diamonds, T-E energy exchange;
crosses, energy removal).

Wedge
This test case is rather well defined,9-28-29 and it has been se-

lected because it allows us to study the interaction effects between
the shock (which arises at the apex of the wedge) and the reacting
viscous layer. The test case corresponds to the flow over a 10-deg
wedge with a length of 4 m, at an altitude of 61 km, a wall tempera-
ture of 1200 K, and two freestream velocities: V^ = 8100 m/s (this
test case is referred to as Wl) and V^ = 11,000 m/s (referred to
as W2). Computations have been performed on two different grids,
corresponding to a 176 x 48, and a 176 x 64 mesh, with normal
mesh spacing ranging from 1.5 to 70 mm for the first grid, and from
0.14 to 47 mm for the second one.

Figure 1 shows the distributions of the translational and
vibrational-electron-electronic temperatures for the two different
freestream velocities at 3.5 m from the apex. From the computed
results we have found that strengthening the shock (by going from
8100 to 11,000 m/s) is not sufficient to induce enough ionization to
alter the temperature distributions. At the lower freestream velocity
the inviscid part of the shock layer is nearly frozen, and thermal-
nonequilibrium effects occur mainly between the edge of the bound-
ary layer and its core. However, as the temperature increases, all of
the shock layer is dominated by thermal-nonequilibrium phenom-
ena. Figure 2 shows the different contributions to the source of
vibrational-electron-electronic energy for the test case Wl. The fig-
ure indicates that translational-vibrational energy transfer and the
energy removal due to finite-rate chemistry effects dominate the
other terms. Moreover, one also observes that these two contribu-
tions have a peak at approximately the same distance from the wall
where T and TV peak, which corresponds to the position where
the frictional heating is maximum. The same behavior has been
observed for the test case W2.
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The dissipation mechanism is also responsible for the (heavy-
particle) translational-electron-electronic energy transfer mecha-
nism, as Figs. 3 and 4 clearly show, where the T-E transfer term
and the number density of the nitric oxide ions are reported. The
budgets of the nitric oxide ions for the two test cases (Wl and W2)
are reported in Figs. 5 and 6, which show that this type of problem is
dominated by diffusion and finite-rate processes (note that, under the
assumption of zero conduction current, the diffusion velocities of
charged particles are equal). Ions are produced in the boundary-layer
core due to associative ionization; ionic recombination takes place
moving away from the core region, both upward and downward.
This is due to the combined effects of the thermal boundary layer
and of the diffusion of the charged particles from the core region
toward the wall and the edge of the boundary layer. Figure 7 shows a
sketch of our interpretation of the ionization mechanism: dominated
by diffusion and associative ionization near the peak temperature,
and by diffusion and ionic recombination in both the near-wall and
boundary-layer edge regions.

RAM-C
This test case corresponds to the flow around a sphere-cone body

used for the Radio Attenuation Measurement experiment carried
out to assess the effects of blackout during re-entry.1'2-10 In partic-
ular, the cases corresponding to the measurements at 61 and 71 km
have been simulated with the objective of identifying the controlling
mechanisms.

The geometry is a sphere of 15-cm nose radius with a cone of
9-deg half-angle, having a length of about 130 cm, and flying at a
velocity of 7650 m/s at the altitude of 61 km, and of 7645 m/s at 7 1
km. The computations have been performed for both conditions on
a 120 x 64 grid with mesh spacing ranging from 24 /xm to 24 mm.

This test case differs substantially from the previous one in that
there is a strong bow shock, which is responsible for the large degree
of nonequilibrium arising immediately past the shock, as can be ob-
served from Fig. 8. This figure show the computed translational and
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Fig. 5 Wedge VQO = 8100 m/s (solid curve, source; dashed curve,
diffusion; diamonds, convection).
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Fig. 6 Wedge VQQ — 11,000 m/s (solid curve, source; dashed curve,
diffusion; diamonds, convection).
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Fig. 7 Schematic of ionization process in a ionizing boundary layer.

vibrational temperature distributions along the stagnation line for
the two altitudes. Observe that at an altitude of 61 km the nonequi-
librium effects are confined to about half of the shock layer. A
10-km increase in altitude reduces the density by a factor of 4. As a
consequence the standoff distance increases by approximately 30%
and, more importantly, nearly the entire shock layer is in thermal
nonequilibrium.

The atomic-oxygen and atomic-nitrogen mass-fraction distribu-
tions along the stagnation line are reported in Fig. 9. In both cases
(61 and 71 km), the oxygen is fully dissociated. On the other hand,
nitrogen is (highly) affected by the altitude (which influences the
thermal and chemical relaxation lengths) and shows a much greater
degree of dissociation at lower altitudes. Figure 10 shows the com-
parison of the computed and the measured peak electron number
density along the body. The comparison shows very good agree-
ment, with a scatter from the experimental values similar to that
reported by other authors.1'2 From this figure we observe that most
of the ionization occurs at stagnation, with a drop in the peak elec-
tron number density of two orders of magnitude at a distance of
two nose radii from the stagnation point. This is due to the strong
expansion of the flow, which causes the freezing of the vibrational-
electron-electronic excitation energy, as shown in Fig. 11, where
the T and Tv for the 61-km case are reported at X/Rn = 2. Indeed,
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Distance along Stagnation Line

Fig. 8 RAM-C (solid curve,T, 61 km; dashed curve, TV, 61 km; dia-
monds, T, 71 km; crosses, T\ , 71 km).
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Distance along Stagnation Line

Fig. 9 RAM-C (solid curve, O , 61 km; dashed curve, N, 61 km; dia-
monds, 0,71 km; crosses, N, 71 km).

I le+12

X/RN (Distance from the Nose along the Symmetry Axis)

Fig. 10 RAM-C (solid curve, 61 km computed; dashed curve, 71 km
computed; diamonds, 61 km measured; crosses, 71 km measured).

comparing the peak values of T and TV, one observes a drop in T by
a factor of about 5 (measured as the ratio of the peak value at stag-
nation to the corresponding one at X/Rn = 2), and a drop in TV by a
factor of about 1.3. Note that for the 61-km case we predict a slight
increase of the peak electron number density at X/Rn > 5, which
is probably due to the use of a two-temperature model. Indeed, this
increase is also observed in the (two-temperature) computations by
Palmer,2 whereas it is not noticeable in the results obtained with a
six-temperature model.1

The budgets of the nitric oxide ions at stagnation and X/Rn =2
are reported in Figs. 12 and 13. These figures clearly show the
inviscid ionization mechanism (except in the near vicinity of the
stagnation region) typical of blunt-body flows at intermediate alti-
tudes: the shock layer is dominated by convection and heavy-particle
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Temperature (K)

Fig. 11 RAM-C, 61 km (solid curve, T; dashed curve, Ty).

NO+ Budget

Fig. 12 RAM-C, 61 km (solid curve, source; dashed curve, diffusion;
diamonds, convection).
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Fig. 13 RAM-C, 61 km (solid curve, source; dashed curve, diffusion;
diamonds, convection).

dissociation and ionization reactions, and the diffusion is negligible
almost throughout, except in the very near-wall region. Associa-
tive ionization around stagnation is responsible for the formation of
charged particles, which are then convected away and recombine
(by ionic recombination) because of the flow expansion.

To assess the influence of the grid on the solution, three additional
computations for the 61-km test case have been carried out on 60 x
32 (Aymin = 53 /im), 60 x 64 (Avmin = 24 /xm), and 60 x 128
(A;ymin = 12 jum) meshes. The computed results are reported in
Figs. 14 and 15, which show the translational temperature along
the stagnation line and the electron peak number density along the
body. The figures show that the discretization in the normal direction
affects primarily the peak temperature value and the shock thickness.
If the number of cells in the normal direction is doubled, a 10%
variation in the peak temperature value due to a greater resolution
of the bow shock is obtained, and the latter is not affected by the
number of grid cells along the body. Defining the standoff distance
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Fig. 14 Grid sensitivity for RAM-C, 61 km (solid curve, 120 X 64;
diamonds, 60 x 64; dashed curve, 60 x 128; crosses, 60 X 32).
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Fig. 15 Grid sensitivity for RAM-C, 61 km (solid curve, 120 X 64;
dashed curve, 60 x 64; diamonds, 60 x 32).

as the distance along the stagnation line at which the density ratio is
equal to 6, we also observe that the displacement of the shock (with
respect to the 120 x 64 grid) is at most 6% for the coarsest grid, and
0.6% for the 60 x 128 grid. However, the differences in the peak
temperature do not affect the ionization, as shown in Fig. 15, this
is to be expected, as the problem is dominated by convection and
ionization.

Conclusions
The effects of the shock strength on ionization and thermochem-

ical nonequilibrium have been studied. In the presence of a weak
oblique shock it is found that viscous dissipation is responsible
for activating finite-rate processes. Moreover, an ionizing bound-
ary layer is characterized by three layers: a core region dominated
by diffusion and associative ionization, an inner (near the wall)
layer, and an outer (near the boundary-layer edge) region domi-
nated by diffusion and ionic recombination. In the presence of a
strong bow shock the ionization is found to be mainly an inviscid
phenomenon. Charged particles formed by associative ionization
reactions occurring in the strong shocked region (stagnation), are
convected away from the stagnation zone and recombine (by ionic
recombination) because of flow expansion. As a consequence, if
the main objective is the prediction of the blackout, a rather coarse
grid can be employed, even though the shock resolution will be
poor.
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