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Thermochemical Relaxation Through Collisions and Radiation

S. Kanne,¤ H.-H. Frühauf,† and E. W. Messerschmid‡

University of Stuttgart, 70550 Stuttgart, Germany

A consistent thermochemical relaxation model is presented to calculate high enthalpy � ows in a wide velocity
and density range. It is based on the coupled vibration–chemistry–vibration model. All types of internal energy,
vibrational, rotational, and electronic energy are taken into account. The reaction rate modeling is calibrated
using quasi-classical trajectory calculations for dissociation and exchange reactions. The electronic excitation
is calculated using quasi-steady-state theory. Radiation is computed using a Monte Carlo method. To couple
the � ow� eld solver and the radiation transport code, the radiative source terms can be implemented into the
� ow� eld solver. Recalculation of the bow shock ultraviolet and FIRE � ight experiments show good agreement with
measurements.

Nomenclature
A = activation energy, J/mol
D = dissociation energy, J/mol
J = rotational quantum number
k = reaction rate, cm3/(mol¢ s)
P = proportionalityfactor, cm3/(mol¢ s)
< = gas constant, 8.314 J/(mol¢ K)
T = temperature, K
U = coupled vibration–chemistry–vibration (CVCV)

model parameter, K
v = vibrational quantum number
a = CVCV model parameter
d = linear dependency of the dissociation and activation energy
e v = vibrational energy, J/mol
k = mean free path, m

Subscripts

A = activation energy
D = dissociation energy
0 = ground level

Introduction

F OR the prediction of the heat load at the surface of a reentry
vehicle, the state of the plasma has to be known in detail. The

kinetic energy of the � ow is converted into translational energy
of the plasma particles across the bow shock. This energy is then
further converted through collisional and radiative processes in the
so-called relaxation zone behind the bow shock. The collisional
processescan be divided into reactive and nonreactivecollisions. In
reactive collisions the translational and the internal energies of the
atoms and molecules, such as vibrational, rotational, and electronic
excitation energy, are converted into chemical enthalpy, whereas in
nonreactive collisions, energy is exchanged between the different
types of energy.

If the electrons in the shell of an atom or a molecule are at a
higher energy level than the ground level, energy can be emitted as
photons. This energy can either leave the plasma sheet around the
reentry vehicle, it can reach the surface of the vehicle and increase
the total heat � ux at the wall, or it can be re-absorbedby the plasma
at a different location.

Because of the fast energy transfer across the bow shock, the
plasma does not necessarily reach the state of thermal or chemical
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equilibrium; that is, the distributionof the different energies cannot
be described by a single temperature, and the chemical composi-
tion cannot be described by the chemical equilibrium constants.
However, for a wide range of relevant � ows, it is possible to de-
scribe each type of energy with a separate temperature, that is, the
vibrationaland rotationalenergy.This approach is called multitem-
perature modeling. It is indispensiblefor two- or three-dimensional
� ow calculations to reduce the number of equations to be solved
and, hence, to reduce the computation time needed.

Based on the coupled vibration–chemistry–vibration (CVCV)
model,1 a relaxation model is proposed that describes the thermal
and chemical relaxation in a wide velocity and density range. Be-
cause different processes can take place at different locations of the
� ow, all energies and species of interest have to be taken into ac-
count, that is, including the rotational and electronic energies.2 In
addition,the electronicexcitation is describedby quasi-steady-state
theory.3 The models were implemented into the URANUS code.4

This code considers11 species and 6 temperatures.Based on the so-
lutions of the � ow solver and the electronic excitation, the radiative
cooling of the plasma and the radiative heat � ux can be calculated
with the radiation transport code HERTA.5 For large velocities it
may be necessary to couple both codes by implementing the radia-
tive sourceterms into the � ow solverdue to strong local reabsorption
in the plasma.

Internal Energies
Translational Energy

Across the bow shock, the kinetic energy is rapidly transferred
into the translational energy of the plasma atoms and molecules. It
can be described by a Maxwell distribution for practically all types
of continuum � ows.

Rotational Energy

Usually rotational energy is assumed always to be in thermal
equilibrium with the translational energy due to the narrow energy
gap between the different levels. For � ows with a very low density,
for example, during reentry at high altitudes, this assumption is no
longer valid. Although the rotational energy can still be described
by a separate temperature, this temperature can strongly differ from
the translational temperature. Because of the strong coupling be-
tween translational and rotational energy, it is suf� cient to con-
sider only the energy transfer between translational and rotational
energy, which can be modeled by a Landau–Teller approach (see
Ref. 6).

Even if the rotational energy is in thermal equilibrium, its con-
tribution to chemical reactions has to be taken into account for the
calculation of reaction rates in a thermal nonequilibrium environ-
ment. This will be described later.
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Vibrational Energy

Becauseof the largergap between theenergylevels, the excitation
of the vibrational energy takes much longer than the rotational ex-
citation. Hence, thermal nonequilibrium between translational and
vibrational energy is much more likely. The most important energy
exchangemechanismsare the exchangebetween the vibrationalen-
ergy of the molecule and the translational energy or the vibrational
energy of the collisional partner.4

Like the rotational energy, vibrational energy contributes to the
energy necessaryfor a reaction to take place. Hence, the vibrational
nonequilibrium has to be taken into account for the calculation of
chemical reactionrates. Furthermore the vibrationalexcitationitself
is strongly in� uenced by chemical reactions.

Electronic Excitation Energy

For most � ow cases of interest electronic excitation cannot be
described by a Boltzmann distribution due to the huge energy gap
between ground and excited levels. A more general approach to
describe the electronic excitation is to use the quasi-steady-state
(QSS) theory.3 Usually electronic excitation occurs by collisions
with free electrons. For � ows that are hardly ionized, collisions
with other atoms and moleculesmust be also be taken into account.
Such an extension to the QSS-model of Park has been proposed by
Levin et al.7

Besides the energy transfer due to collisions, excited electrons in
the shell of the atoms or molecules can emit energy by radiation.To
calculate the cooling of the plasma due to radiation and its contri-
bution to the total heat � ux at the surface of the reentry vehicle, the
radiation transport equationhas to be solved.This will be described
in more detail later.

Multitemperature Reaction Rates
The CVCV-model was developed by using the concepts of

Marrone and Treanor8 and by extending their dissociation CVDV
modeling to exchange and associative ionization reactions. Later,
the in� uence of rotational energy was included in the model.9

The model is based on state-selectivereaction rates.The assump-
tion is made that the vibrationalenergycontributingto overcomethe
activation barrier is limited by the parameter a to a certain fraction
of the activation energy a A. This assumption was made to assure
that a minimum fraction of the activation energy comes from the
translational energy of the reactants. Therefore, two state-selective
reaction rates are given that are different in the second exponential
term: Equation (1) if the vibrational energy is lower than this limit
and Eq. (2) for higher excited molecules:

k(v , J ) = P ¢ exp{ ¡ [D( J ) ¡ e v (v)]/ < U}

£ exp{ ¡ [A(J ) ¡ e v (v)]/ < T }, e v (v) · a A( J ) (1)

k(v , J ) = P ¢ exp{ ¡ [D( J ) ¡ e v (v)]/ < U}

£ exp{ ¡ [(1 ¡ a ) A(J )]/ < T }, e v (v) > a A(J ) (2)

where e v (v) is the molar vibrational energy, A(J ) is the molar ac-
tivation energy, and D( J ) is the molar dissociation energy of the
molecule in the vibrationalground state dependingon the rotational
quantum number. P is a proportionality factor that assures that re-
action rates are equal to equilibriumrates in case of thermal equilib-
rium. U describes the preferential reactivity of vibrationallyhighly
excited molecules. D and A are assumed to be linearly dependent
on the rotational energy e r ( J ):

D( J ) = D0 ¡ d D ¢ e r ( J ) (3)

A(J ) = A0 ¡ d A ¢ e r (J ) (4)

with d D =0.8 and d A =0 for exchange or d A =0.8 for dissociation
reactions.9

According to a comparison with a state-selective postshock re-
laxation computation of Warnatz et al.,10 we set the two model pa-
rameters U and a to be independentof the translationaltemperature

for all reactionrates (U = D /5, a =0.8). For dissociation,this could
be con� rmed by a comparison with another model proposed by
Macheretet al.11 For exchangereactions,the modelparameterswere
set to the same values as a � rst choice. However, these assumptions
could not yet be maintained.

By the summing of the state-selective reaction rates over all
rotational–vibrational levels weighted by a Boltzmann distribution
function, an analytical expression for the overall reaction rates can
be obtained. In addition to these rates, the average vibrational and
rotationalenergiesgainedor removed in chemical reactionsare con-
sistently modeled from the state-selectiverates. Therefore, both the
in� uence of vibrational energy on reaction rates and the in� uence
of chemical reactions on the average internal energy content of the
molecules are taken into account. This is a major advantage over
other reaction rate models that treat this in� uence inconsistentlyor
even neglect this effect.

For further details about the CVCV model see Ref. 1.

Calibration of the CVCV Model
Quasi-Classical Trajectory Method

The quasi-classical trajectory method (QCT) is widely used for
modeling of molecular reactions dynamics. It is based on the com-
putation of a large number of trajectoriesof two particles. The col-
lisions are treated with classical mechanics based on a potential
energy surface for the reaction. The trajectory calculation scheme
can be seen in Fig. 1. By averagingover the different trajectory pa-
rameters, such as velocity and the angle between the particles, we
can obtain state-selective reaction rates.

The calculations performed with this method are more effective
for large collisional energies and heavy particles. With regard to
the translationalmotion, the de Broglie wavelength should be small
enough so that there is no essential change of the potential energy
surface within this distance.

Parameter Adjustment

These quasi-classical rates can now be used to verify and adjust
the modeling of the state-selective rates of the CVCV model.

Dissociation Reactions

For dissociationreactions,U was initiallyset to be D0 / 5, whereas
a was assumed to be 0.8. These values were found from a compar-
ison with state-selective rates given by Warnatz et al.10 Additional
comparison with the reaction rate model proposed by Macheret
et al.11 con� rmed these model parameters for dissociationreactions.
Like the extended CVCV model, the model of Macheret et al. also
containsa term accountingfor the in� uence of the rotationalenergy.
Both models predict about the same effect of rotational energy.11

In 1986 Levitsky published state-selective reaction rates for var-
ious types of reactions (see Ref. 12). He solved the appropriate
dynamic model by the method of classical trajectories.Good agree-
ment between these data and the CVCV model can be achieved for
U = D0 /6 and a =0.8 for O2 dissociation and U = D0 / 6 and a =
0.9 for N2 dissociation (see Fig. 2).

Fig. 1 Trajectory calculation scheme.
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Fig. 2 Nonequilibrium factor for the dissociation of O2 at T =
10;000 K.

Fig. 3 Dependence of parameter U on translational temperature T.

Exchange Reactions

For air plasmas the most important exchange reactions are the
two Zeldovich reactions that determine the production of NO: 1)
NO + O $ N + O2 and 2) N2 + O $ NO + N. These rates have
been studiedby theQCT methodin the past in detail, for example,by
M. Pogosbekyan (Moscow University, private communication) and
Bose and Candler.13 For the second reaction, a comparison with the
calculationsofPogosbekyan(privatecommunication) revealeda de-
pendenceof U from the translational temperature (Fig. 3). Through
the linear approximation U =1.5¢ T , a good representation of the
QCT results can be achieved for the second reaction.

This temperature dependence indicates that the preferential reac-
tivity of the highly excited molecules diminishes for higher trans-
lational temperatures. A possible explanation for this � nding is
that generally at high temperatures suf� cient translational energy
is available to overcome the activation barrier. Hence, other en-
ergy modes become less important with increasing translational
temperature.

Using the preceding approximation for U , we calibrated a to be
0.1 to obtain the best possible agreement between quasi-classical
and CVCV-model rates. This means a rather small in� uence of the
vibrationalenergyon the activationenergy for the second Zeldovich
reaction.For this type of reactionnot only the energy in the collision
but also the geometry of the collision, for example, the relative
positionof the collisionalpartners,is important.A weak in� uenceof

Fig. 4 Comparison of QCT calculationsof Pogosbekyan(privatecom-
munication) with the CVCV model (J = 0).

Fig. 5 Nonequilibrium factor for T = 10;000 K.

the vibrationalenergycan, therefore,be consideredto be reasonable.
Vibrational energy was, hence, found to be much less effective in
an exchange compared with a dissociation reaction, where a is set
to be about 0.8.

In Fig. 4, rates of the adjusted CVCV model are compared with
the quasi-classical rates for the second Zeldovich reaction. A good
agreement was achieved across the whole temperature range. The
rates were then also compared with rates obtained by Bose and
Candler13 for this reactionin Fig. 5. Very goodagreementwas found
for both vibrational and rotational nonequilibrium. Especially, the
QCT rates of Pogosbekyan (private communication) and the rates
published by Bose and Candler13 show excellent agreement.

In addition to the reaction rates, the average internal energies re-
moved or gained in a reactionare needed for a physicallyconsistent
modeling of thermochemical nonequilibrium. In the CVCV model
the averageinternalenergyof the productmolecule is assumed to be
independent of the internal energy of the reactant molecule. Given
the principleof detailedbalancing,the averageenergyof theproduct
molecule is set equal to the averageenergy with which it is removed
in the reverse reaction if the reaction is in thermal equilibrium.
The best agreement with the data of Bose and Candler13 could be
achieved if the reverse reaction is assumed to be vibrationallynon-
preferential(U ! 1 ). Because there is nearly no activationenergy
in this reaction, this assumption seems to be physically reasonable.
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Table 1 Comparison of original and adapted CVCV model
parameters

Original Adapted
Reaction U a U a

N2 + M ! N + N + M D0 /5 0.8 D0 /6 0.9
O2 + M ! O + O + M D0 /5 0.8 D0 /6 0.8
NO + M ! N + O + M D0 /5 0.8 D0 /5 0.8
NO + O ! N + O2 D0 /5 0.8 1.5 ¢ T 0.25
O2 + N ! NO + O D0 /5 0.8 12,500 K 0.1

+ 2¢ T
N2 + O ! NO + N D0 /5 0.8 1.5¢ T 0.1
NO + N ! N2 + O D0 /5 0.8 1 0.1
All other D0 /5 0.8 D0 /5 0.8

Fig. 6 Average vibrational energies removed from N2 and gained by
NO molecules in the second Zeldovich reaction at T = 8000 K.

In Fig. 6 the average energies of the initial and the product
molecule are compared with results of Bose and Candler13 for
a translational temperature of 8000 K. Excellent agreement was
found. Especially the assumption that the average energy of the
product molecule NO is independent of the vibrational energy of
the initial molecule N2 is validated.

The parameters of the CVCV model were also adapted for the
� rst Zeldovich reaction using the QCT calculations of Bose and
Candler.13 The adapted model parameters for the dissociation and
exchangereactionsare given in Table 1 togetherwith the parameters
of the CVCV model that were originally chosen by Knab et al.1

Radiation
To analyze optical experiments conductedduring reentry, the ra-

diationof the plasma must be calculated.For this purposethe plasma
radiation database PARADE,14 developed in the framework of an
ESA/European Space Research and Technology Center technical
research project, has been extended to allow for the calculation of
the radiation from all molecules that are important in air plasma
radiation. As radiation mechanisms, continuum, atomic line, and
molecular radiation are included. For the atomic line radiation, the
shape of the lines is assumed to be a Voigt pro� le. The broadening
of these lines consists of Doppler, Stark, Van der Waals, resonance,
natural, and phase broadening. The molecular radiation is taken
from NEQAIR.

The radiative properties of the � ow can only be computed if the
number densities of the excited states are known beforehand. The
complex calculation of nonequilibriumexcitation is performed us-
ing the QSS approximation from NEQAIR. For most cases, elec-
tronic excitation is dominated by collisions with free electrons.
However, for plasmas that are weakly ionized, electronic excita-
tion due to heavy particle collisions must be taken into account.
This is done using the model proposed by Levin et al.7

Results for the emission and absorptioncoef� cient can be highly
dependent on the spectral resolution of the database. Therefore, a
new approach is made for the wavelength discretization of the ab-
sorption and emission spectra. This new discretization technique
was developed at the University of Tennessee Space Institute and
the Space Systems Institute of the University of Stuttgart. It is de-
signedto requirelessmemory thananequalfrequencyorwavelength
discretization technique and to be fully self-adaptive.

By the use of a self-adaptivetechnique,spacingbetween adjacent
points becomes closer for regions of high emission and wider for
those of low emission. This gives appropriate resolutions for each
part of the spectrum. The method is based on a simpli� ed precal-
culation of the atomic spectra, that is, the distributionof the atomic
emission coef� cient over a speci� c wavelength range. The main
principle of the discretizationprocess is to divide the spectral range
into a number of subranges based on the precalculation so that the
energy emitted by atomic radiation is almost equal for each sub-
range. Only the complex structure of the molecular radiation is still
treated in the usual way.

Because emitted radiation can be reabsorpedby the � uid, its way
through the � ow� eld must be tracked to compute correctly the ra-
diative heat � ux at the body surface and the radiative source terms
for the � ow� eld solver. Here, a Monte Carlo method is used for the
calculation of the gas radiation transport. The entire code system
HERTA is able to compute reabsorptiveradiation � elds in chemical
and thermalnonequilibriumin a fullyspectralmannerforgenericax-
isymmetricgeometries for either convexor nonconvexbody shapes.

The modeling of radiation energy transportcan be brie� y charac-
terized as follows:The basic physicalphenomenaare representedas
random processes and controlled by means of computer-generated
random numbers. The radiation � eld is spatially discretized by
means of a calculationgrid by distinctvolumeelements.The bound-
ary conditions are implemented. A number of radiation bundles de-
pending on the local thermodynamic parameters, the pressure, the
temperatures, and the chemical composition is emitted out of each
grid cell with stochastically determined direction and wavelength.
The respectivestochasticdistributionfunctionshave to representthe
true physicalsituation for a large number of radiationbundles.Each
single bundle, representinga number of photons, is then tracked on
its way through the calculation domain, accounting for its absorp-
tion.

The solution quantities are divergence of the radiative � ux 5 qr ,
as necessary for coupling with a � ow� eld solver and the radiative
� uxes across the boundariesof the computationaldomain.The latter
quantity is sampled on each boundary surface element spectrally
resolved. All impinging bundles are considered.The total radiative
� ux is obtained after a spectral integration. Thus, a space covering
half a solid angle is observed, as is necessary to obtain the overall
radiative � ux on the surface elements.

However, typical radiation experiments usually observe only a
narrow cone element as given by the experimental setup and focus-
ing optics. Therefore,a procedurewas implemented into the code to
simulate these experiments.Only bundles impinging on the surface
within a cone of the user-speci�ed half opening angle around the
surface normal is taken into account for the simulation of optical
experiments.

Test Cases
Bow Shock Ultraviolet Experiment II

In 1990 and 1991 two sounding rocket experiments were con-
ducted: Bow Shock Ultraviolet Experiments (BSUV) I and II.15,16

During both � ights, various optical measurements were carried out
to gain detailed information about the state of the plasma in front of
the entry vehicle. In these measurements, the NO molecular band
radiation was found to be very strong. Up to now, most reaction
rate models did not consistently model the average vibrational en-
ergies removed or gained in reactions. Hence, molecules were not
expected to be created vibrationally highly excited, and the strong
radiation signals could not be recalculatedusing these conventional
rate models.
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Fig. 7 Rotational temperature along the stagnation streamline: BSUV II.

Fig. 8 NO mole fraction along the stagnation streamline: BSUV II.

Fig. 9 Radiometer signal at the stagnation point: BSUV II.

For this reason Bose and Candler13 have carriedout QCT calcula-
tions to understandthe kinetic processes in the plasma better. These
results have been implemented into the CVCV model as described
earlier. Through the use of axisymmetric � ow solver URANUS and
the radiation transport code HERTA, the BSUV experiments were
calculated to validate the modeling of the processes in the plasma.
The mesh for the � ow solver was resolved up to the scale of the
mean free path near the surface of the vehicle to assure a numer-
ically accurate solution. In the case of the Monte Carlo process
used in HERTA, the number of bundles used was increased until no
change in result occurred. The results for the second BSUV exper-
iment will be presented in the following. As can be seen in Fig. 7
there is a strong thermal nonequilibriumbetween the rotational and
the translational temperature for high altitudes.

If this nonequilibrium were neglected, the dissociation rates
would be overestimated due to the contribution of the rotational
energy. This leads to an earlier production of NO, as can be seen
from Fig. 8, because atomic oxygen is necessary for the Zeldovich
reaction to take place. If in addition the vibrationalnonequilibrium

Fig. 10 Atomic oxygen radiation at 130.4 nm.

is neglected and hence a single-temperature reaction rate model is
used (Zeldovicheq ), the NO production is overestimatedup to a fac-
tor of � ve. As a consequence, the radiation signal would be also a
factor of � ve higher than the measurements (Fig. 9). However, as
can be seen, the accurate modeling of the electronic excitation is
much more important. If either a Boltzmann distributionis assumed
for the excitation, fBoltz , or if the collisions with heavy particles are
neglected, QSS(Te ), the predicted radiation signal would differ in
order of magnitudes from the measured signal.

If the NO production is modeled correctly, the predicted amount
of atomic oxygen in the � ow must also be correct. In Fig. 10 the
measured O radiation is compared with the results of the radiation
transport calculation. As can be seen, there is also a very good
agreement for the oxygen atomic line radiation.

FIRE II

In 1964 a reentry experiment, FIRE,17 was conducted in the
framework of the Apollo moon program. During the reentry, the
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total and the radiative heat � ux on the surface of the vehicle were
measured using a calorimeterand radiometer,respectively.At an al-
titudeof 67 km, the velocitywas 11.25km/s. At such a high velocity,
radiation cooling and radiative surface heat � ux become important.
Contrary to the BSUV � ight experiments, the � ow around the FIRE
vehicle is strongly in� uenced by ionization. The population of the
highly excited electronic energy levels, which determine the ion-
ization rates, might even deviate from a Boltzmann distribution.To
study the capability of the reaction rate modeling presented earlier
for this type of � ow, and to study the in� uence of the electronic
excitation on the ionization of the � ow, this point of the � ight tra-
jectory was recalculated. The temperatures and the mole fractions
calculated along the stagnation streamline are given in Figs. 11 and
12, respectively.

Using the QSS theory, we calculate the distribution of the elec-
tronic excitation energy. It is shown in Fig. 13 at different positions

Fig. 11 Temperatures along the stagnation streamline: FIRE, H =
67 km.

Fig. 12 Mole fractions along the stagnation streamline: FIRE, H =
67 km.

Fig. 13 Number densities of the excited levels for atomic nitrogen at
different positions of the stagnation streamline: FIRE, H = 67 km.

Fig. 14 Ionization rates along the stagnation streamline: FIRE, H =
67 km.

Fig. 15 Mole fractions of ionized oxygen and nitrogen along the stag-
nation streamline: FIRE, H = 67 km.

on the stagnation streamline. Compared to a Boltzmann distribu-
tion, the upper levels are less populatedbehind the shock, assuming
a QSS distributiondue to the relaxationprocess.The oppositeholds
true for the boundary layer.The distributionof the electronicexcita-
tion is then consistentlycoupled into the � ow� eld solver, especially
for the computation of the atomic ionization rates.

The in� uenceof this nonequilibriumis shown in Fig. 14. Because
ionization is dominated by the number densities of the upper levels,
reaction rates based on QSS-theory, kne, are much lower behind the
shock. As a consequence of the lower ionization rates, chemical
equilibrium is reached later if a QSS distribution of the excited
electronic levels is assumed, as shown in Fig. 15.

Although ionization rates are lower in the postshock region as-
suming a QSS distribution (due to the smaller number densities of
highly excited particles), this has no in� uence on the surface heat
� ux because chemical and thermal equilibrium is already reached
in front of the boundary layer. Because the boundary layer is domi-
nated by recombination,differences in ionization rates are negliga-
ble. However, for highly ionized � ows without a region of thermo-
chemicalequilibrium,the in� uenceof a nonequilibriumdistribution
of the highly excited electronic levels on ionizationand surface heat
� ux can be much stronger.

For the trajectory point calculated here, the radiative heat � ux
becomes important.The radiativeheat � ux is about 15% of the total
heat � ux. The plasma temperature is lowered due to the radiative
cooling leading to a lower temperature at the boundary-layer edge
and, hence, to a lower convective heat � ux. However, this effect is
partly compensated due to the strong reabsorption in the relatively
cold boundary layer.

Conclusions
For accurate local simulation of high enthalpy � ows, the various

physical and chemical processes must be described in detail. The
chemical nonequilibrium and the coupling between thermal and
chemical nonequilibriumcan be described by the CVCV model of
Knab et al.,1 which was extended to account for the contributionof
the rotational energy.
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Using QCT calculations, we calibrated the model parameters
for dissociation and exchange reactions. It was found that vibra-
tional energy is much more effective in dissociationreaction than in
exchange reactions. Furthermore, the parameter U , describing the
preferential reactivity of highly excited molecules, was found to be
dependent on the translational temperature for exchange reactions.
For exchange reactions, the preferential reactivity diminishes for
higher translational temperatures.

Apart fromvibrationalnonequilibrium,rotationalnonequilibrium
becomes important for high altitudes because rotational energy has
a strong in� uence on dissociation reactions. Even in case of equi-
librium between translational and rotational temperature, the con-
tribution of the rotational energy must be taken into account for
the calculation of reaction rates in case of nonequilibriumbetween
vibrational and translational energies.

Reaction rate models such as the CVCV model can be validated
using optical measurements conducted during reentry. Compari-
son between measurements of the BSUV � ight experiments and
radiation simulations shows good agreement. Hereby, an accurate
modeling of the electronic excitation is crucial. For weakly ionized
� ows like the BSUV, electronic excitationdue to heavy particles as
described by the model of Levin et al.7 cannot be neglected.

For highly ionized� ows like the FIRE II experiment,the radiative
coolingof theplasmabecomesimportant,and reabsorptionof the ra-
diation must be taken into account.Because of the strong electronic
excitation,QSS theory reveals a deviation from the Boltzmann dis-
tribution. This leads to lower ionization rates directly behind the
shock. However, because of a region of thermal and chemical equi-
librium upstream of the boundary layer, this has practically no in-
� uence on the surface heat � ux.

With this modeling of thermal and chemical nonequilibrium,the
URANUS code makes it possible to calculate different types of
� ows in great detail. All types of energies, which have a signi� cant
in� uence on the � ow behavior, such as vibrational, rotational and
electronic excitation, are taken into account.
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