
Progress in Aerospace Sciences 36 (2000) 281}349

Physico}chemical modelling in hypersonic #ow simulation
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Abstract

The rapid and signi"cant advances in computational power both in terms of hardware and software in recent years and
the resurgence in 1980s of interest in future concepts for hypersonic transportation systems and ongoing studies such as
those for the International Space Station, Shuttle-like orbital vehicles (Japanese HOPE), reusable launch vehicles (NASA
X-33, X-34), and crew rescue vehicles (NASA X-38) have identi"ed CFD as an important and indispensable tool for
R& D in the "eld. To take advantage of this valuable tool for reliable simulations and predictions one must pay careful
attention to the quality and validity of the modelling inputs that go into the development of the CFD codes while striving
to improve their numerical accuracy and algorithmic e$ciency. A review of the governing equations, boundary
conditions and the associated inputs by way of physico}chemical models and their partially successful application is
given. Some of the &rate-limiting' steps in achieving predictive capability via CFD are related to inadequacies in the
physico-chemical models and in associated data used in describing the multi-species high-temperature chemically
reacting gas #ows occurring in and around hypersonic vehicles. A few of these continuing modelling challenges are brie#y
reviewed here with typical examples from current literature. ( 2000 Elsevier Science Ltd. All rights reserved.
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Fig. 1. Flow reH gimes and thermochemical phenomena in the stagnation region of a 30.5 cm radius sphere #ying in air (after [178]).

Oran gave a performance comparison of some massively
parallel computers and their application to reacting #ows
in NS as well as DSMC schemes (as of February 1995)
[28]. Wright et al. demonstrated signi"cant gains in
convergence times, memory usage and numerical stabil-
ity on 512-processor Thinking Machines CM-5 with up
to 19.8 G-#ops performance and 16GB memory for
a Mach 15 nonreacting 3D #ow [29].

Typical state-of-the-art CFD codes and their applica-
tions have been described by their authors and users in
several conference proceedings (e.g. [2,8}10,30}36]) and
in individual publications by Bellucci [37], BruK ck [38],
Candler [39,40], Drummond et al. [41], Gno!o [27],
Grasso [42,43], Hannemann [44], Marini [45], Walpot
[46], Netter"eld [47], Nicolet [48], Park [23,49,50],
Radespiel [51], Radhakrishnan [52], Tirskiy [53,54].
They may be consulted for details and background refer-
ences. Some of these codes have been partially validated
with respect to underlying models (e.g. NOZNT for multi-
temperature nozzle #ows [55]) but the general problem
of code validation is still an ongoing and di$cult task
[23,27].

It is now generally recognized that many of the re-
quired models and associated data in this context are
often uncertain and even inadequate in many cases. In
fact, they themselves form an area of active research and
debate among physical chemists (cf. [56]). It is therefore
imperative that aerospace technology, #uid dynamics,
and physical chemistry join forces to reduce these uncer-
tainties if the projected new vision of a hypersonic era is
to be realized. In later sections some of the open issues in
modelling will be brie#y discussed.

On the experimental side also, the existing facilities,
new and old, can only partially simulate some of the
relevant phenomena. Arnold et al. [57] have given a gen-
eral review of the various types of facilities for aero-
thermodynamic testing, drawing from European and
US-experience. They point out that these facilities can be
regarded only as complementary to each other covering,
as they do, di!erent individual high-temperature aspects
to a certain acceptable degree of accuracy under some
practically relevant conditions. Park reviewed, in general,
the use of high enthalpy facilities for an evaluation of
high-temperature phenomena [50]. An overview of the
current hypersonic testing facilities at DLR (Germany)
and ONERA (France) by Kordulla et al. has been
given recently, [58]. For instance, Fig. 2 shows some
European facilities that cover an adequate range of an
important part of the Earth reentry trajectories of space
vehicles under the assumption of a &binary scaling law'
(requiring the product of reference density and length be
kept invariant between cases to be compared [26]) which
describes similarity with respect to binary collision dom-
inated diatomic dissociation prevalent in air at the rel-
evant altitudes. It may be noted that the useful range of
testing times can be less than the actual run times shown
in Fig. 2 [59]. The facilities do have a useful range of
overlap for mutual comparisons. For instance, the condi-
tions and enthalpy ranges of the Hotshot F4-arc tunnel
at ONERA, Le Fauga/Toulouse, produce nearly full oxy-
gen dissociation, whereas the HEG (Stalker-type free-
piston high enthalpy shock tunnel, GoK ttingen) conditions
can take over at the start of nitrogen dissociation, the
overlap occurring around 5 km/s #ow speeds, seen in
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Fig. 2. Testing ranges of some facilities (after [46]). Bold lines indicate the individual range of each facility. Note that the times given are
maximal run times and not necessarily testing times for constant conditions in all cases.

Fig. 2 [46]. In the TH2 (classic shock tunnel) at RWTH
Aachen, speeds up to 3.5 km/s can be realized towards
the start of oxygen dissociation. Longshot (heavy piston
gun tunnel) at VKI, Rhode-St-Genèse, with its capability
of high reservoir pressures (&4000 bar) can produce
high Reynolds and Mach number ranges with longer
testing times. The RWTH TH2 and VKI Longshot are in
the lower enthalpy ranges where the pre-dissociational
vibrational activity is signi"cant. These facilities can be
used for code and model validation purposes in a com-
plementary way for the appropriate cases. Plasma tun-
nels with their high thermal #ux generation capability are
particularly suited for thermal protection materials stud-
ies and typical facilities have been described by Auweter-
Kurtz et al. [60], Bottin et al. [61], Esser and GuK lhan
[62], Russo [63]. The largest high enthalpy free piston
shock tunnel is currently the High Enthalpy Shock Tun-
nel (HIEST) in Kakuda, Japan [64]. Park [23,50,65]
strongly advocates the use of ballistic range facilities to
overcome some of the inherent di$culties in simulating
the right free-stream #ight conditions with other
ground-based high enthalpy facilities. In a ballistic range
the test model is accelerated to the right velocity, making
the free-stream conditions the same as those for the #ow
around the #ight vehicle. Recent work by Nonaka et al.
[66}68] indicates promising possibilities of ballistic
range tunnels for model validation studies. The advant-
age of some of the high enthalpy tunnels like HEG and

HIEST, on the other hand, is their capability to deal with
realistic models of protype con"gurations [58,64,69].

Some practical consequences of the high-temperature
phenomena in hypersonics (so-called &real-gas' e!ects,
despite the fact that in these phenomena we are dealing
only with nonequilibrium #ows of thermally perfect gas
mixtures) are signi"cant changes in shock stand-o! dis-
tances, peaks in thermal loads, skin friction drag, forces
and moments on the vehicles [4,26,49,70]. It is important
to note that not only heat transfer and skin friction but
even a pressure-dependent aerodynamic quantity such as
the pitching moment can be a!ected by high-temperature
chemistry, as was observed during the Apollo missions
and in Shuttle #ights wherein #ap control deviated far
from the design predictions [49]. This &pitching moment
anomaly' has now been identi"ed as mainly due to the
thermochemical nonequilibrium e!ects inadequately
simulated earlier in wind tunnels and design codes of the
1960s [27,71,72].

As to the methods of solving the mathematical prob-
lems described with the appropriate inputs of physico-
chemical models, we can see immediately that an
intensive application of numerical analysis, with its
own special challenges due to the size of the systems of
partial di!erential equations to be treated subject to
intricate boundary and compatibility conditions along
surfaces of discontinuity, is obviously needed (although
classical examples of semi-analytical, i.e. reduction to at
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Fig. 6. Schematic sketch showing: (a) bow-shock ahead of a blunt body, and (b) density pro"le along the stagnation streamline, in
a dissociating diatomic gas #ow. Note the "nite &relaxation distance l' for density to reach equilibrium (after [97]).

Fig. 7. Comparison of "nite-fringe di!erential interferograms: computed (left) and observed (right) in T5-air #ow experiments on
a sphere H"4 in, at h

0
"16MJ/kg, p

0
"27.5MPa (after [151], Photo courtesy of Dr. C.-Y. Wen).

of the dissociation reaction rate as well as the other basic
dexning quantity for a hypervelocity yow, namely, the free-
stream kinetic energy and extending it to mixtures and
multiple reactions. Figs. 8}10 illustrate the application of
the new theory and its surprisingly good agreement with
experiments on practically relevant quantities like the
shock stand-o! distance and stagnation point heat #ux.
As in the older theory, stand-o! distance is seen (Figs. 8
and 9) to decrease with reaction rate in accordance
with the binary-scaling law (valid when binary collision

reactions, such as diatomic molecular dissociation here,
dominate) but each relevant curve eventually forks o! at
higher reaction rates. Thus, the current improved theory
is found to agree well with the experimentally measured
shock stand-o! distance for di!erent spheres and two
gases over a large range of enthaplies realized in the
T5 high enthalpy facility at Caltech. The observed and
computed "nite-fringe di!erential interferograms show
good agreement of the various features. See Fig. 7,
taken at j"589nm, p

0
"6MPa, h

0
"16.5MJ/kg.
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Fig. 11. Shock stand-o! distance ahead of a wedge ("lled points
indicate frozen detachment angle; triangle: Ar, square: N

2
, circle:

CO
2
) after [97].

Fig. 12. Interferograms of air #ow past 703-blunted cone at
condition VI (top: HEG experiment; bottom: computation)
[156].

follow the predicted trends, thus lending credibility also
to the assigned values of h

0
in Figs. 8 and 9.

Another interesting phenomenon in this context is the
detachment of vertex shocks from wedges and cones
investigated experimentally and numerically by Hornung
et al. [97,153] showing that the detached shock stand-o!
distance * for reacting #ow is less and rises less steeply
than in chemically frozen #ow (Fig. 11 [97]). Levya [153]
investigated extensively the shock detachment processes
in high enthalpy #ows in N

2
, CO

2
on di!erent cones and

showed variation of * with respect to cone diameter,
vertex angle and chemical state of the gas, demonstrating
numerically and experimentally, among other things, the
decrease in * with ) as in the case of spheres [101,151]
and also possibly with vibrational nonequilibrium. Furu-
date et al. [66,67] showed comparisons between CFD
and experiments of Nonaka and Takayama in ballistic
ranges [68] for moderate hypersonic #ows of air
(&3 km/s) on spheres and sharp cones indicating that
Park's two-temperature model is able to reproduce the
observed shock shapes and sphere stand-o! distances
quite well but underpredicts the shock layer thickness
when the #ow "eld is assumed to be chemically frozen or
in nonequilibrium with signi"cant vibrational excitation.
E!ects of variations of the exponent in Park's two-tem-
perature model are found to be negligible on the shock
stand-o! distance ahead of spheres at the medium hyper-
velocities considered [67]. However, at higher total
enthalpies it is possible that the e!ects of thermal and
chemical nonequilibrium could be signi"cantly depen-
dent on the vibration}dissociation (v}d) coupling models
used. The observed di!erence between the CFD and
experimental results could indicate that the #ow is indeed
in such a chemical and thermal nonequilibrium already
at the lower enthalpies. It is also to be noted that Nonaka

et al. recently measured larger * values than those of
Lobb [154] at comparable conditions [68].

Hypersonic #ows around blunted cones have also been
investigated since late 1950s and the more recent studies
have been reviewed by Deiwert and Eitelberg [94],
Holden [155], and Muylaert et al. [32]. A blunted cone
has been studied for a number of years as a generic model
of an aeroassisted planetary probe [94]. Such vehicles
use the available planetary atmosphere for e$cient or-
bital maneuvers at orbital speeds and are thereby ex-
posed to signi"cant thermochemical nonequilibrium
e!ects.

Recent studies on such a planetary probe model
reported by Kastell et al. [156,157] and Muylaert et al.
[32] are illustrated by a couple of typical results in
Figs. 12 and 13, respectively. The computed and experi-
mental holographic interferograms in Fig. 12 at high
enthalpy shock tunnel GoK ttingen (HEG) condition VI
(p

0
"94.9MPa, h

0
"11.6MJ/kg, ¹

0
"6889K) are in

good qualitative agreement with a faithful reproduction
of the number and shape of the fringes. Slight waviness of
the experimental interferograms in the afterbody (sting)
region is possibly due to disturbances typical of shock
tunnels.

On the quantitative side, the agreement of the heat #ux
distribution in [157] between CFD and HEG experi-
ments was found to be good only in the forebody
region but not on the afterbody/sting. This is partly
attributable to a possible transition to turbulence
in the recirculation region. This conjecture is supported
by numerical simulation for an experiment at condi-
tion III (p

0
"39MPa; h

0
"10.3MJ/kg;<"4.401 km/s;

Ma"9.27; ¹"559K; p"203Pa; o"0.00126kg/m3;
c
N2

"0.767; c
O2

"0.233; Re/m"1.9]105) in the F4 arc

296 G.S.R. Sarma / Progress in Aerospace Sciences 36 (2000) 281}349

steves
Text Box
P0=95MPa H0=11.6MJ/kg, T0=6900K



Fig. 26. Total thermal rate constant for N
2
#OPNO#N:

QCT computation and experimental data (after [195]).

Table 2
Reaction rate coe$cient k

&
(¹) for N

2
#OPNO#N from

QCT-"t [190] and empirical "t [187], given in cm3/mol1/s1

Temperature Bose}Candler QCT Park et al.
¹ (K) 5.69]1012¹0.42

]exp(!42938/¹)
6.4]1017¹~1.0

]exp(!38370/¹)

3000 9.99]1007 5.95]1008

6000 1.71]1011 1.78]1011

10 000 3.72]1012 1.38]1012

14 000 1.46]1013 2.95]1012

18 000 3.21]1013 4.22]1012

In Fig. 25 the di!erences between Park's rate and
those of the others are at least an order of magnitude
over the entire temperature range noting however, that
all the experiments covered only parts of the temperature
range. No consistent picture emerges between the
di!erent sets of data. Recent computations [163,189]
and results of the T5 experiments on double cones
[160,162] have indicated the inadequacies for uni-
versal application of the temptingly convenient Park's
ad hoc model which is found to yield, for instance, un-
realistically low dissociation rates at lower vibrational
temperatures.

The second example we discuss is the dominant Zel-
dovich mechanism of nitric oxide production by nitrogen
molecules and oxygen atoms by way of the exchange
reaction N

2
#OPNO#N. This mechanism strongly

in#uences the production of ultraviolet radiation behind
the bow shock ahead of a blunt body at ballistic missile
speeds of atmospheric reentry. Several #ight experiments
on bow shock ultraviolet radiation (BSUV) with increas-
ingly re"ned radiation measurement techniques have
been carried out and the data have been compared with
state-of-the-art computational studies using both con-
tinuum and direct simulation Monte Carlo (DSMC)
methods [190,193,194]. BSUV1 and BSUV2 #ight
experiments were #own, respectively, at 3.5 km/s in
37}75km altitudes and at 5.1 km/s in 65}90km altitudes.
They made spectrally resolved measurements of the UV
emission from the bow shock stagnation region ahead of
the 10.16 cm nose-radius spherically blunted cone ve-
hicle. The spectra are dominated by the NO-c and -b
systems. These studies revealed inadequacies not only in
the relevant radiation modelling but cast doubts also on
the underlying nonequilibrium kinetic data for the pro-
duction of NO which is the strong determinant of UV-
radiation under the BSUV experimental conditions
[194,195]. Such results in turn triggered several funda-
mental chemical modelling investigations by Candler
et al. [160,189,190,193,277] and Treanor et al. [196].
Treanor et al. showed the relevance of the coupling
models between higher vibrational states and NO forma-
tion under BSUV conditions but also point out the
current inadequacies in modelling, especially regard-
ing excited NO-electronic states, as an additional pos-
sible cause for the discrepancies between CFD and
experiment.

Some enterprising and conscientious aerospace scien-
tists, notably Candler et al., have even taken it up on
themselves to look at the kinetic data carefully from
a fundamental point of view and carried out ab initio
quasi-classical trajectory (QCT) analyses (on available
quantum mechanically determined potential energy sur-
faces) to compute the kinetic coe$cients for some reac-
tions of interest in high-temperature air chemistry
[189,193,195]. Ab initio computations of reaction rate
constants by QCT Monte Carlo methods are generally

prohibitively costly. However, Candler and Bose
[189,193,195,197,277] have taken full advantage of
massively parallel supercomputers such as Thinking
Machines Connecting Machine (CM-5). Their parallel
codes could run more than a million trajectories in
10}15min on a 512 node partition of CM-5 with a high
degree of parallelization due to minimal inter-proces-
sor communication to enable them to derive, for
instance, accurate thermal rate constants for the
N

2
#OPNO#N Zeldovich reaction, using ab initio

quantum mechanically de"ned potential-energy surfaces
3A@ and 3A@ [189]. Their QCT results are shown in Table
2 [189,190] and Fig. 26 along with the range of shock
tube experimental data. In Table 2 [189,190] we observe
the signi"cant deviations in reaction rates even for the
relatively &simple' Zeldovich mechanism for nitric oxide
production. Comparisons with several earlier correla-
tions from experimental rate data have also been present-
ed by Candler and Bose [189]. Their QCT studies predict
the reaction rates within the band of experimental scatter
for temperatures between 3000 and 8000K [189,195] and
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Fig. 27. Steady-state dissociation rate coe$cients for oxygen
highly diluted in argon. Experiments by various authors are
denoted by circled numerals 1 to 6. Circled letters a to d denote
various high vibrational bias models. Squares and triangles,
respectively denote calculations with softer Lennard}Jones po-
tentials for O}Ar with the short-range exponent changed to
8 (squares) and to 4 (triangles), after Mizobata [199].

agree quite well with quantum theoretical results of Ja!e
et al. as shown in Fig. 26. One of the problems associated
with experimental data has been that they were generated
at comparatively lower temperatures in shock tubes and
the vibrational nonequilibrium operative conditions in
the #ow "eld were not adequately accounted for. Extra-
polation of such data to higher temperature ranges rel-
evant to some hypersonic applications is obviously one
further source of great uncertainty. QCT values extend
the range theoretically for temperatures beyond 10 000
K but these values are seen to deviate signi"cantly from
the empirically "tted Park et al. rates [187] in Table 2,
the di!erence increasing with temperature and amount-
ing to an increase of an order of magnitude over the latter
at 20 000K. Park's correlation gives higher rates than
QCT at temperatures below 6000K and lags behind at
higher temperatures. The higher QCT rates at the higher
temperatures were shown to have a decisive in#uence not
only on the NO production but also on radiation charac-
teristics in the bow shock layer under BSUV-relevant
conditions [190,193].

The experimental data from rather low temperatures
of a few thousand kelvin, even at which the scatter of
measured data is obvious, do not justify a con"dent
extrapolation to the very high temperatures occurring in
hypersonic #ows. The statistical certainty of the QCT
approach, on the other hand, increases with temperature
and is within 4% for temperatures above 5000 K. Agree-
ment with the earlier QCT computations of Ja!e et al. is
also quite good. Based on these studies Bose and Candler
recommend [private communication, Bose] the rate con-
stant (33) [190] which re"nes their earlier QCT curve-"t
([195], Eq. (10)) for this exchange reaction. Park et al.
suggested [187] the empirical curve-"t (34) based on
a detailed assessment of experimental data:

k(¹)"A¹B exp[C/¹] cm3/mol/s

(4000K(¹(20 000K), (32)

QCT-,t [190]:

A"5.69]1012; B"0.42; C"!42 938, (33)

Empirical-,t [187]:

A"6.4]1017; B"!1.0; C"!38 370. (34)

State-to-state approach of Capitelli et al. [198] to the
kinetics of air components taking v}v transfers into ac-
count with detailed mechanisms and relevant cross
sections has also found the results of Candler and Bose to
be within a band of their results.

For the case of dissociating oxygen highly diluted in
argon and suddenly heated, Mizobata [199] computed
quasi-steady-state dissociation rates (Fig. 27), dissocia-
tion induction times (Fig. 28), and vibrational relaxation
times (Fig. 29). This was done by using rate coe$cients
for state-to-state vibrational states computed by quasi-

classical molecular collision analysis with prescribed
microscopic characteristics to solve pertinent master
equations describing simultaneously molecular vibra-
tion, dissociation and recombination. The results were
compared with available experimental data which in fact
motivated these ab initio calculations. Results for the
quasi-steady-state dissociation corroborate fairly well
the lower vibrational-biased models to within the size-
able error bars of both the experiments and the Monte
Carlo computations. Relevant literature on experimental
data shown in the "gures is cited in Mizobata's work
[199]. The strongly vibration-biased models are based
on the &ladder climbing' principle, i.e. only the higher
vibrational states qualify for dissociation. Four such
models are considered here. (a) DHO: divided harmonic
oscillator with in"nite number of vibrational levels with
constant energy intervals; (b) THO: truncated harmonic
oscillator; (c) AHO: anharmonic oscillator with "nite
number of levels with variable intervals; (d) AHO-Z:
anharmonic oscillator with an upper limit on transition
rate of collision frequency. They do not reproduce the
experimental data as well as the lower vibrational-biased
models used by Mizobata as shown in Fig. 27. However,
Figs. 28 and 29 show that the computed dissociation
induction times, i.e. delay in starting the dissociation
after the arrival of the shock front, or sudden heating,
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Fig. 30. Kinetic models: peak NO mass fraction (after [190]).

Fig. 31. NO-production along stagnation line in a 5.1 km/s #ow past a 10.16 cm radius sphere at various altitudes (after [190]).

stagnation point #ow "eld ahead of a sphere (relevant to
#ight experiments measuring UV radiation from the bow
shock layer of a blunt body) from Bose and Candler
[190] are shown in Table 2, and Figs. 30 and 31.

Figs. 30 and 31 show the signi"cant e!ects of the
kinetic data on the peak nitric oxide concentration and
NO distributions along the stagnation line ahead of
a 10.16 cm radius sphere #own at 5.1 km/s in the upper
atmosphere. The related bow shock ultra-violet (BSUV)
radiation experimental measurements and disagreements
with state-of-the art theoretical predictions were, in fact,
the motivation for a re-examination and fundamental
investigation of the underlying mechanisms, models and,
last but not least, the input data [193,195]. Nitric oxide

production rates are an important determinant of the
radiation characteristics in that experiment. It is seen
from Fig. 31 that the old models give lower NO-produc-
tion rates than the new ones of Bose and Candler [190]
and are accordingly correlatable with the earlier under-
predictions of radiance due mainly to the UV radiation
emission by NO in the above-mentioned BSUV experi-
ments [195]. Also, the new models incorporate the more
sophisticated V}D coupling Macheret}Rich model
[202,203] which favours oxygen dissociation and thus
promotes NO production via the Zeldovich mechanism
at lower temperatures than the Park's model. In the
low-density reH gimes of the upper atmosphere above
80 km altitude the deviation becomes signi"cant due to
the increasing shock-heated oxygen dissociation driving
the Zeldovich mechanism. At 82.5 km the new models
produce up to three times NO as the old models as seen
in Figs. 30 and 31. At higher altitudes the importance of
shock-heated oxygen dissociation reduces due to the
more abundant availability of oxygen atoms produced
by photo-dissociation. Thus, the nonequilibrium vibra-
tion}dissociation coupling modelling and the consequent
driving mechanism for the Zeldovich reaction are de-
correlated at the higher altitudes.

The computed spectra as normalized with data at 226
nm shown in Fig. 32 for the BSUV-1 experimental condi-
tions using di!erent kinetic models indicate similar
trends as the measured spectra. Peaks above 210nm are
comparable but do not show any signi"cant bias towards
the more detailed kinetic model III: QCT rates and QCT
NO-energy disposal for both Zeldovich reactions, espe-
cially at 200 nm. Candler and Bose [193] point out that
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Fig. 32. Computed and BSUV1-experimental stagnation line spectra at 53.5km altitude (after [193]).

other NO-reduction mechanisms such as V}V transfer
could be responsible for this discrepancy. This is veri"ed
by results at higher altitudes (where the lesser collision
rate downplays these additional mechanisms) in BSUV2
experiment wherein model III indeed agreed much better
than model I with Park rates and average NO-energy
disposal. Model II with QCT rates and QCT NO-energy
disposal only for N

2
#OHNO#N also shows good

agreement for BSUV2 at higher altitudes, indicating that
this "rst Zeldovich reaction is indeed the more critical
one in the present context.

DSMC computations by Boyd et al. for more rare"ed
(90.8 km) altitudes have also brought further corrobor-
ation to the modelling aspects via comparisons with
measured UV spectra [106]. However, Boyd cautions
that such space #ight experiments and the computations
can only compare some net results and not necessarily
the details of the underlying models and the various
assumptions, e.g. a suitable energy accommodation coef-
"cient, therein. Simpler dedicated principle experiments
should be used for more direct veri"cation of the various
underlying basic models.

7. Internal energy mode coupling and relaxation kinetics

An important area of continuing fundamental studies
concerns the coupling between the translational and
internal modes of molecular energy whose mutual ex-

change processes can take place at time scales compara-
ble to the hypersonic #ow times. These nonequilibrium
processes are being modelled in di!erent degrees of detail
over the years and results from several competing e!orts
and proposals are under active development.

Typical reviews of such e!orts are given by Macheret
et al. [158,202,203] and SeH ror et al. [204]. We focus
attention here on the latter work dealing in particular
with the updating of vibration}dissociation coupling
models for inclusion of not only the O

2
,N

2
dissociation

but also the exchange reactions involving NO. It has
been shown by Candler and coworkers, that the Zel-
dovich reaction: N

2
#OHNO#O is an important

mechanism depending critically on the vibration}dis-
sociation coupling [190,193,195].

Basically, the various coupling models distinguish
between preferential, i.e. dissociation only from higher
energy vibrational states, and nonpreferential, i.e. disso-
ciation from all vibrational states. Also, anharmonicity
e!ects in the vibrational spectrum and ionization can be
important at higher temperatures. For instance, the faster
relaxation rates observed in CO and N

2
expansion #ows

in nozzles were explained by Kewley [205] on the basis of
the vibrational anharmonicity e!ects. The overall prob-
ability P

j
of a molecule in the jth energy level dissocia-

ting may be written [204,206}208] as

P
j
"CF( j)N

j
M(D!E

j
),

F( j)"exp[!(D!E
j
)/k;I ], (35)
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Fig. 46. Schematic of RAM-C II (Radio attenuation measure-
ment); nose-radius, r

n
"15 cm, cone semi-angle 93, length

130 cm.

e!ect, the mean shock thickness being no longer thin
compared to stand-o! distance at high altitudes. Fire II
studies of Sutton [232] showed that radiative and
convective forms of heat transfer are indeed comparable.
For the Gaileo probe during Jovian entry the heat trans-
fer is almost fully radiative.

We may note that the radiative heat #ux to the
body is &R

n
;8.5

=
o1.6
=

, while convective heating is
&R~0.5

n
;3

=
o0.5
=

and both of them are comparable for
a 0.6m H sphere at 12.2 km/s. Hence follow also oppo-
site design criteria for radiative and convective heat
shielding optimization. The #atter nose reduces the con-
vective and the shaper nose reduces the radiative mode of
heat transfer. Further, the composition of the planetary
atmosphere a!ects the radiation. During entry to Mars
(CO

2
}N

2
) and to Titan (N

2
}CH

4
}Ar) their atmospheres

can raise forebody heat #uxes due to strongly radiating
CN produced. Radiative transfer modelling is still in
general quite inadequate, as shown by comparisons of
CFD based on up-dated radiation models b and c sys-
tems of NO and #ight experiments [159]. Babkian et al.
[233] showed that the #ow "eld behind and aeroassisted
#ight experiment (AFE) of an elliptically blunted 4.3m
maximum diameter vehicle with stagnation point nose
radius R

N
"2.3m and a 603 half-angle cone as an after-

body, #ying at 8.9 km/s and 75 km altitude can be re-
garded as optically thin, simplifying engineering calcu-
lations. But they conclude also that the wake radiation
results are very sensitive to the ionization reactions
chosen. Moss et al. demonstrated that neglect of a single
dissociative electron impact reaction N`

2
#e~P2N can

lead to a three-fold overprediction of ion number density
[234] and thus a!ect the radiation estimates.

9.1. Ionization

9.1.1. Radiation and ionization behind bow shock
In air electrons are "rst produced by the associative

ionization reaction N#OPNO`#e~. The NO` ion
so generated transfers its charge to other neutral species
through several charge-exchange reactions. When the
resulting density of electrons reaches a threshold value
they collide in electron-impact reactions with N and O
to produce further ions and electrons, resulting in an
&avalanche' generation of electrons [49,232]. At relatively
low speeds, below &6 km/s, only the associative ioniz-
ation takes place. At speeds between 6 and 10 km/s the
charge-exchange reactions, e.g. N`#N

2
PN`

2
#N in-

crease the ionization. At still higher speeds the electron-
impact reactions, e.g. O#e~PO`#2e~ can lead to
the electron avalanche process.

9.1.2. Electron density and heat transfer
For aeroassisted space transfer vehicles (ASTV,

AOTV) the #ight conditions create hypersonic #ows with
ionization under chemical and thermal nonequilibrium

conditions, a!ecting bow shock stand-o! distance, forces
and moments. Knowledge of ionization e!ects is also
important for radio-communication with the vehicle.
Radiation from charged species also alters the heat #ux
to the vehicle signi"cantly. Candler and MacCormack
[235] computed such #ows involving "ve species:
N

2
, O

2
, NO, N and O, using the quasi-steady-state

(QSS) assumption, viz., that the reaction
N#OHNO`#e~ is in equilibrium, and seven species
including the ionization reaction for NO explicitly.
Energy exchange between translational and vibrational
modes and electrons, viz., Q

T}Vs
,Q

V}Vs
,Q

e}Vs
, and

Q
T}e

are also modelled. The chemical reaction rate coe$-
cients take vibrational coupling into account via Park's

two-temperature anstaz: ¹(e!ective)"J¹
53
¹

7,e,NO` .
Full NS computations were compared with experimental
data on radio attenuation measurement (RAM)-CII
#ights. The models, sketched in Fig. 46, had a beryllium
heat-sink nose cap and Te#on coated afterbody, hence no
additional ablation product species. The wall was as-
sumed noncatalytic to all recombinations and adiabatic
for the electronic temperature [39].

9.1.3. Comparison of computations and yight data
There is good agreement between the computed and

measured electron density distributions along the body
under nonequilibrium conditions at altitudes 81 km and
under approximate equilibrium at 61 km, see Figs. 47 and
48. QSS ("ve species) works better at 61 km under ap-
proximate equilibrium but nose region trends are similar
to the seven-species computations. Nonequilibrium re-
sults with seven-species are closer to the #ight results at
both altitudes than the corresponding QSS-results. The
electron density pro"les at x/r

N
reproduce #ight results

rather poorly. The discrepancy is presumed to be due to
the uncertainty in the boundary conditions. Candler and
MacCormack infer that the "xed wall temperature and
the noncatalyticity for electron}ion recombination im-
posed on the wall may not be realistic for the #ight
experiment. For instance, Gno!o et al. [89] did show
somewhat closer correspondence with #ight data by
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Fig. 47. E!ects of ionization on peak electron number density at two altitudes, (a) 61 km; (b) 81km: CFD prediction and #ight data for
RAM-C II (after Candler [39,235]).

Fig. 48. E!ects of ionization on (a) electron number density at x/r
n
"8.1; (b) St"q

n
/o

=
u
=

(h
=
!h

w
): CFD prediction and #ight data

for RAM-C II (after Candler [39,235]).

imposing a fully catalytic b.c., despite persisting signi"-
cant di!erences between #ight data and CFD predictions
for n

e
. For heat transfer, i.e. Stanton number, St, the "ve-

and seven-species models give nearly the same results.
Compared to the frozen-chemistry case there is a signi"-
cant &50% increase in heat #ux in the nose region due
the active chemistry with b.c. ¹

w
"1500K, noncatalytic

wall, modelling #ight experiment. In the afterbody region
chemistry has less in#uence for this case.

It may be mentioned that in such a study a lot of
modelling goes also into the transport coe$cients and
the choice of reaction schemes. Here the simplest sophis-
tication has been shown to give good agreement, thereby
&validating' the CFD and C}V}e models. However, the
vibrational}chemical coupling is still an area of active
research and there are several competing models of
di!erent levels of complexity in use, cf. Section 7
[35,159,198,203,204,209,211,236]. Moreover, code calib-
ration results of Gno!o et al. on electron densities at
other high altitude trajectory points of RAM-C with
di!erent codes and modelling details showed [89], not
only di!erences to be expected between their fully
catalytic b.c. and the noncatalytic b.c. of Candler and
MacCormack but also the general di!erences between
#ight data and CFD. The CFD results showed di!erent

trends among themselves and as against the #ight data as
well. Gno!o noted [89] di!erent kinetic data (Park;
Dunn and Kang) produced noticeable di!erences. Some
problems of numerical origin, e.g. shock location and
grid re"nement, could also be partly responsible for the
discrepancies. Accuracy of #ight measurements of elec-
tron densities may be another source to be examined.

Modelling the emitted radiation from the nonequilib-
rium forebody region is still a challenging area of ongo-
ing research. Several studies carried out by Candler et al.
along with Levin et al. in the context of bow shock
ultraviolet radiation (BSUV1, BSUV2) sub-orbital
#ight experiments and their numerical (NS and DSMC)
simulations demonstrated the inadequacies of the
underlying theoretical models and their validation
[106,159,193,194].

9.2. Hypersonic wake yow behind spheres

9.2.1. Radiation from the wake
The #ow in the base region immediately behind a

hypersonic vehicle, sketched in Fig. 49, tends to be in
nonequilibrium. This leads to the following features of
the #ow "eld [49]. (a) Radiative heating of the base
region can be a signi"cant percentage of the very high
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