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Three-Dimensional Thermochemical Nonequilibrium Viscous
Flow over Blunt Bodies with Catalytic Surface
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The hypersonic thermochemical nonequilibrium air� ow over the catalytic surface of a blunt body moving at
attack and slip anglesalonga prescribed aerodynamicreentry trajectory is considered.The thin viscous shock layer
theory and the preferential vibration-dissociation-exchange reactions coupling model, which takes into account
the interaction between the vibrational relaxation and the chemical processes, are used as an initial gasdynamics
model. The ef� cient computationalalgorithm on based high-accuracy implicit � nite difference scheme is used. The
algorithm does not imply the existence of a symmetry plane in the � ow and does not need a preliminary solution
to the Stefan–Maxwell relations with respect to the diffusion � uxes. The in� uence of the body shape, of the attack
and slip angles, of the heterogeneous chemical reaction model, of the freestream parameters, and of the vibrational
nonequilibrium on the heat � ux and on the equilibrium surface temperature is investigated.

I. Introduction: Problem Statement

V IBRATIONAL relaxation and chemical processes are signif-
icant during the hypersonic reentry phase of a space vehicle

because the total enthalpy of the freestream � ow is large enough
to cause vibrational excitation and molecular dissociation in the
shock layer. The air gas is then assumed to be composed of � ve
species,N, O, NO, N2, and O2 , governed by a 17-chemical-reaction
scheme: 15 dissociation–recombination reactions and 2 exchange
reactions;ionizationis neglected.The moleculesN2 and O2 are con-
sidered in vibrationalnonequilibrium,whereasNO is assumed to be
in vibrationalequilibriumbecauseof its small vibrationalrelaxation
timescale in comparison with the characteristic � ow timescale. On
the other hand, the order of magnitude of the relaxation timescales
of the vibrationalprocesses and of the chemical reactions are simi-
lar, which leads to a strong coupling between these nonequilibrium
phenomena. This coupling includes, on one hand, the in� uence of
the vibrationalrelaxationon the chemical reactionsand on the other
hand the reverse effect. Hammerling et al.1 consideredthe in� uence
of the vibrational excitation of the molecules on their dissociation
andproposeda model calledcoupledvibration–dissociation(CVD).
This aspect of the coupling leads to an increase or decrease in the
forward kinetic rate constant. Then Marrone and Treanor2 com-
pleted this model by also considering the in� uence of the molecule
dissociationon theaveragevibrationalenergyof themolecules [ cou-
pled vibration–dissociation–vibration (CVDV)], the vibrational re-
laxation of N2 and O2 being modi� ed through vibration–chemistry
exchanges in addition to the usual vibration– translation energy ex-
changes. Park3 proposed a two-temperature model to describe the
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Universitaire des Systèmes Thermiques Industriels,Technopôle de Château-
Gombert. Member AIAA.

§Research Scientist, Institut Universitaire des Systèmes Thermiques In-
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CVD, built on an empirical formula � tting experimentaldata. All of
these models have been derived for dissociation reactions only and
do not take into account the exchange reactions. However, recently,
several authors have developed new models for the full vibration–

chemistry coupling.4¡7 In this connection, Séror et al.8;9 proposed
the coupled vibration–dissociation–exchange reactions (CVDEV)
model with a preferential formulation of the coupling factor for ex-
change reactions. It is this CVDEV model that is used in the present
work.

Just behind the shock wave, the translationaltemperature reaches
its peakvaluewhile the vibrationaltemperaturelags becauseit takes
a � nite time for thevibrationto be excited.The estimationsalso show
that the gradients of the vibrational temperatures and the � uxes of
the vibrational energy in the relaxation zone just behind the shock
wave are rather large; therefore, for an accurate description of this
sublayer, it is necessary to take into account the molecular transfer
effects in this zone. In this connection as an initial gasdynamics
model we use the thin viscous shock layer (TVSL) theory, which
was initially suggestedfor two-dimensionalhypersonicviscous gas
� ow by Cheng10 and then extended to three-dimensional nonequi-
librium multicomponent hypersonic viscous � ows by Gershbein.11

From a mathematical point of view, the TVSL equations system is
a composite one because it contains all of the terms of boundary-
layer equations and all of the terms of the hypersonic approxima-
tion of inviscid shock layer equations.12 The attractiveness of this
model for practical applications is explained by at least two rea-
sons.First, as demonstratedwith comparisonsof solutionsobtained
with more complete mathematical � ow models and experimental
data, the TVSL model gives a high accuracy of the � ow parame-
ters on the stagnation region of the body surface, where the shock
layer is suf� ciently thin and the heat � uxes are maximum.13 The
second reason is that the TVSL equation system is of parabolic
type, which permits us to apply a fast and economical march-
ing numerical procedure for obtaining the solution and, by this
means, to increase greatly the computation ef� ciency. Today the
TVSL model is widely applied for three-dimensional hypersonic
viscousgas � ow calculations14;15 because it has a correct asymptot-
ical character, it adequatelydescribes the � ow� eld between a shock
wave and the body surface, and it takes into account the molecu-
lar transfer effects near the body surface as well as near the shock
wave.

The aim of this paper is to apply the thermochemical non-
equilibrium model (CVDEV model) and the TVSL approach for
three-dimensionalhypersonic air� ow computations around a blunt
body moving along a prescribed aerodynamic reentry trajectory.

626



PEIGIN ET AL. 627

The joint in� uence of the vibration–chemistry nonequilibriumcou-
pling and of the molecular transfer effects on the body surface heat
� ux, as well as on the structure of the shock layer, is investigated.
Numerous computations highlight interesting results. It is shown
that, at the stagnation line, the ratio of wall equilibrium tempera-
ture Tw.k/=Tw.1/ (where k is the ratio of the main curvaturesof the
reentry bodies and is equal to 1 for a sphere) is quite conservative
for different trajectory points and different wall catalysis models.
The isovalues of Tw.1/ on a sphere for a wide range of � ight al-
titude and freestream velocity along the reentry trajectory will be
also given for a pratical use. It is also shown that the distributions
of the wall heat � ux referred to their values at the stagnation point
have a conservativebehaviorand dependvery little on the trajectory
point, on the catalysis models, or on the linear size of the body, but
do depend on the body shape and on the values of the attack and
slip angles. This result is used to suggest an approximate approach
that gives results close to the complete numerical ones.

II. Governing Equations
The TVSL equation system written in a curvilinear coordinate

system xk and describing the three-dimensional viscous thermo-
chemical nonequilibrium multicomponent gas � ow between the
shock and the body surface including nonequilibriumchemical re-
actions, vibrational relaxation, vibration–chemistry coupling, and
multicomponent diffusion and excluding barodiffusion, thermodif-
fusion,and diffusionthermoeffecthave the followingdimensionless
form.13
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Species conservationequations:
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The closingrelationsto this system are the Stefan–Maxwell equa-
tions:
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and exclude cN and IN from Eq. (8), these relations can be rewrit-
ten in the following form, which is more convenient for numerical
calculations:
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System (1–9) is solved with boundaryconditionson the shock wave
and on the body surface.On the shockwave, the hypersonicapprox-
imation of the generalizedRankin–Hugoniot conditions are used to
take into account the effects of molecular transfer into the shock
wave:
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On the body surface, heterogeneous chemical reactions are taken
into account, but heat discharge inward of the body is neglected:
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Here x3 is directedalongtheoutwardnormal to thebodysurface,and
x1 and x2 are selectedon the surface,with the originat the stagnation
point x1 D 0. We assume the summation for repeatingsubscriptsnot
enclosed in brackets. Latin indices are equal to 1, 2, or 3, excluding
the specialmarkedcases.Greek indicesare equal to 1 or 2. V1uk are
the physical components of the vector velocity; V 2

1½1 P , ½1½ , and
T0T , are, respectively, the dimensional pressure, the density, and
the temperature of the gas mixture that consists of N components
(including NM molecules). Here ¹0¹, V 2

1cp=.2T0/, ¾ , and m are,
respectively,the viscosity, the speci� c heat at constantpressure, the
Prandtl number, and the molecular mass of the mixture, whereas
c j , m j , V 2

1h j =2, V 2
1evi =2, T0Tvi , T0µvi , Ni , V 2

1cp j =.2T0/, V1½1 I j ,
V1½1 P! j =L , V 3

1
PÄi =2L, and Sci j are the mass concentration, the

molecularmass, the speci� c enthalpy, the vibrationalenergy, the vi-
brationaltemperature,the speci� c vibrationaltemperature,the num-
ber of vibrational levels of the molecule, the speci� c heat, the nor-
mal component of a diffusion � ux vector, the formation rate of the
j th species, the formation rate of the vibrational energy of the i th
molecule, and the binary Schmidt number. L is the characteristic
linear size of the problem, a®¯ and b®¯ are the covariant compo-
nents of the � rst and second quadratic form of the body surface, "B

is a coef� cient of the surface blackness,¾B is the Stefan–Bolzmann
constant, and Ak

®¯ are the known functions of the body shape.13 The
subscripts w, 1, and s correspond, respectively, to values on the
body surface, at in� nity, and behind the shock wave; the subscript
0 corresponds to the case where the vibrationalmode is considered
in equilibrium with the translational energy.

It is assumed that the catalytic reactions on the body surface are
the following � rst-order reactions:

Pr j D ¡½kw j c j ; j D O; N; NO

where kw j are the kinetic rate constants of the heterogeneous reac-
tions. Three models of heterogeneous chemical reactions are con-
sidered.

Noncatalytic surface:

kw.O/ D kw .N/ D 0 (12)

Ideal catalytic surface:

kw .O/ D kw.N/ D 1 (13)

Finite catalytic surface:

V1kw.O/ D 10:4 m/s; V1kw.N/ D 3 m/s (14)

Model (14) corresponds to the experimental data.16 It is assumed
everywhere that kw.NO/ D 0.

III. Thermochemical Model
Air is simulated by the � ve-component mixture, N, O, NO, N2,

and O2, where dissociation–recombination reactions O2 C M D
2O C M , N2 C M D 2N C M , NO C M D N C O C M , and ex-
change reactions N C O2 D NO C O, O C N2 D NO C N take place;
M is the third particle in the reaction, to be chosen among the
species N2, O2, NO, N, and O. The temperature dependencies of
direct and reverse reaction constants are de� ned from Ref. 17 using
the temperature T . To compute the mixture transport coef� cients
and thermodynamic quantities data from Refs. 18–20 are used.

Taking into account the couplingof the vibrationon the chemical
processes amounts to modifying the forward dissociation reaction
rates k f as follows1;2;5:
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Q as follows:
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where Tvi is the vibrational temperature of the species i and T fi is
an average temperature written as

1
¯
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¯
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where .¡UDi /, having the dimensionof a temperature,expressesthe
probabilityof dissociationstarting from a certainvibrationalenergy
level. Thus, for UDi D 1, the dissociation is equiprobablefrom any
vibrational energy level (nonpreferentialcoupling), whereas with a
lower value of UDi , the probability of dissociation is increased for
higher vibrational energy levels (preferential regime). The value of
UDi is thought to be of the order of magnitude of the dissociation
characteristic temperature µDi (Ref. 2). The values of µvi (Kelvin),
µDi (Kelvin), UDi , and NDi D E.µDi =µvi / C 1, that is, the number
of vibrational levels of the molecule i considered as a harmonic
oscillator truncated just above the dissociation energy µDi , are as
follows:
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For exchange reactions, a coupling factor VEi is used in place of
VDi in Eq. (15) with the following expression8:
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The values of ²Ai (Kelvin), UEi , ®i , and NAi , that is, the number of
vibrational levels of the molecule i consideredas a harmonic oscil-
lator truncated just above the activation energy "Ai , are as follows:
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Note that the coupling model modi� es the forward rate constant
but not the backward constant; indeed, it is implicitly supposed that
the recombination of molecules does not depend on the vibrational
excitation.
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To each of the two molecules in vibrational nonequilibrium, an
equation is attached, governing the evolution of its vibrational en-
ergy, that is, of its vibrational temperature under the harmonic os-
cillator assumption. The source terms PÄi of Eqs. (6) are made
up of two terms that mirror the various exchanges between the
modes: translation–vibration PÄT¡V

i and chemistry–vibration cou-
pling PÄC¡V

i .
The energy exchanges between vibrational and translational

modes are classically described by the Landau–Teller formula21
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where ¿ VT
i is the global relaxation time and ¿VT

i j is the relaxation
time for the vibrational–translationalexchangebetweena molecular
species i and any species j (Refs. 22–24).

The chemical–vibrational coupling proceeds from the fact that
the vibrational energy of a molecule is partially determined by the
chemical relaxationprocess.Following Refs. 2 and 8, one can write

PÄC¡V
i D PÄD

i C PÄE
i

where PÄD
i and PÄE

i are as follows:

PÄD
i D

¡
P!g;D

i

¯
½i

¢h
e

NDi
vi

¡
¡UDi

¢
¡ e

NDi
vi

¡
Tvi

¢i

¡
¡

P!l;D
i

¯
½i

¢h
e

NDi
vi

¡
T fi

¢
¡ e

NDi
vi

¡
Tvi

¢i
(19)

PÄE
i D

¡
P!g;E

i

¯
½i

¢h
eg;E

vi
¡ e

NDi
vi

¡
Tvi

¢i
¡

¡
P!l;E

i

¯
½i

¢h
el;E

vi
¡ e

NDi
vi

¡
Tvi

¢i

(20)

where P!g;D
i and P!l;D

i are the rates of creation and destruction of the
molecule i D O2 and N2 in the � rst two dissociation reactions. The
values el;E

vi
and eg;E

vi are the vibrationalenergy loss and gain through
an exchange reaction and read
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IV. Numerical Method
For the numerical solution to the problem, the cylindrical coor-

dinate system .x1; x2/ related to the body surface is chosen, with
the origin at the stagnation point x1 D 0 (with x1 the marching co-
ordinate and x2 the circumferential coordinate; see Fig. 1).14 This
coordinate system enables us to obtain the undegenerableequations
for longitudinal and circumferential gradients of pressure P® and
to solve the closing problem of the equations system at the lateral
body surface.

So far, because this coordinate system degeneratesat the stagna-
tion point, the undegenerated curvilinear coordinate system ft kg is
used to solve the initial equations at the stagnation point. The axes
Ot 1 and Ot 2 are directed along the main directions of the body
surface at the stagnation point, and the axis Ot 3 coincides with the
normal to the body surface. After that the solution to the initial
equations at the stagnationpoint in the ft k g coordinate system is re-
calculatedfor the fx kg coordinatesystem and then used as the initial
condition for system (2–7) on the line x1 D 0.

Fig. 1 Schematic of the coordinate system used at the body surface,
with attack and slipping angles ® and ¯.

The initial equation system is written in variables of Dorodnicyn
type, and in this way the singularities of the initial equations at the
stagnation line are resolved:
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The numerical solution to the problem is obtained on the basis of
an implicit � nite differencemethod relative to ³ (Ref. 15), which is
O.1» 1/ C O.1» 2/2 C O.1³ /4 accuracy order and the generaliza-
tionofwell-knownhigh-orderapproximationschemes.25 In general,
the use of high-order approximation schemes leads to two conse-
quences:First, the value of the computer memory is increased.Sec-
ond, the algorithm of the solution is more complicated than widely
practiced two-order approximation schemes. However, high-order
accurateschemesfor smooth� ows can considerablydecreasethe to-
tal numberof gridpointsand, therefore,gain advantageoversecond-
order schemes, both on the computer memory and on the CPU time.
This is more obvious for three-dimensional viscous reacting gas
� ows, where the application of high-order approximation schemes
is often the only way to obtain the solution to the problem in an ac-
ceptable calculation time. For the convective operator, the approxi-
mationsof derivativeswith respect to themarchingcoordinate» 1 are
replacedby backward differenceoperators, and the derivativeswith
respect to the circumferentialcoordinate » 2 are replaced by central
differenceoperators on the basis of the solution obtainedduring the
previous global iteration on the current circle » 1 C 1» 1 D const. As
a result of the nonlinearcharacterof the equationsystem in each cir-
cle » 1 C 1» 1 D const, the global iteration process is organized, and
the thickness of the shock layer is calculated by means of a cycli-
cal three-diagonal solver method on the coordinate » 2 . To increase
the computational accuracy at high Reynolds numbers, the numer-
ical mesh is compressed near the body surface and near the shock
layer.

The important propertyof this numerical procedure is that it does
not need a preliminary solution to the Stefan–Maxwell equations
with respect to the diffusion � uxes and it does not imply � ow sym-
metry planes, which enables us to investigatethe three-dimensional
� ow around bodies at the attack and slip angles.
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V. Results and Discussion
On the basis of the TVSL model and of the numerical algorithm

presented earlier, the hypersonic nonequilibrium multicomponent
air� ow at angle of attack ® and slipping angle ¯ over the cat-
alytic surface of ellipsoid with axis ratio a:b:c is investigated (see
Fig. 1). The computations are done by considering the vibrational
and chemical nonequilibrium processes and the coupling between
them. The upstream conditions correspond to different points of a
space shuttle trajectory.26 The governingparametersof the problem,
altitude H , velocity V1 , and linear size L of the reentry body, vary
in the followingrange:50 · H · 100 km, 2:0 · V1 · 8:0 km/s, and
0:05 · L · 5:0 m, and the blacknesscoef� cient is "B D 0:85. To ver-
ify the presentmethod, the numerical results havebeen comparedto
numericalsolutionsto Euler equationscoupledto the asymptoticde-
fectboundary-layerapproach27;28 forLobb experimentconditions,29

to numerical solutions to the parabolized Navier–Stokes equations
(results from Brueck30 for hyperboloid geometry and results from
Fujiwara and Aso31 for OREX con� guration), and to experimen-
tal data from Ref. 32. These comparisons of the heat � ux absolute
value qw (MW/m2) at the stagnation point of the body surface are
presented in Table 1: The agreement between the results is satis-
factory. Comparisons of the equilibrium temperature Tw along the
sphere surface (H D 35; 5 km, V1 D 5:26 km/s, and L D 6:35 mm)
between the present computationsand the numerical solution to the
Euler equations coupled to the asymptotic defect boundary-layer
equations27 are presented in Fig. 2a: The agreement between the
two solutions is satisfactory. Note that the solution in Refs. 8, 9,
and 27 has already been validated by comparisons with other re-
sults and experimental data. Comparisons of the heat � ux absolute
value qw along a symmetry plane of the ellipsoid surface (with axis
1:0.25:0.417 for H D 26:6 km, V1 D 3:62 km/s, and L D 0:18 m)
with the experimental data32 are presented in Fig. 2b.

The in� uence of the mesh point number M3 across the shock
layer on the computation accuracy of the body surface equilibrium
temperature Tw is smaller than 1% as soon as M3 ¸ 10. These com-
putational data correspond to the stagnation point of a � ow around
an ellipsoid 1:0.7:0.3, whose surface is ideal catalytic and with
® D ¯ D 0 deg, L D 0:5 m,V1 D 7:25 km/s, and H D 70 km. On
the lateral body surface, the in� uence of M3 is similar to its in� u-
ence on the stagnation point. As for the in� uence of the number
of grid points M1 and M2 along the surface coordinates x1 and x2

on the absolute value of the wall equilibrium temperature Tw , one

Table 1 Comparisons between the present results and
reference results: absolute value of heat � ux qw (MW/m2)

at stagnation point for different freestream conditions
and catalysis models

V1 , H , Catalysis Ref. Present
km/s km model Ref. value work

5.26 35.5 (12) 27 22.72 23.01
5.26 35.5 (13) 27 33.73 34.01
7.45 91.0 (12) 30 0.096 0.098
5.56 58.0 (12) 30 0.345 0.350
5.56 58.0 (13) 30 0.516 0.513
3.90 63.0 (12) 31 0.148 0.151
3.62 26.6 (13) 32 7.884 7.845
3.57 46.8 (13) 32 1.623 1.626

Table 2 Values of the wall equilibrium temperature Tw(K) for
different grids

x2 H30 £ 32 H30 £ 48 H30 £ 64 H30 £ 128 H15 £ 64 H50 £ 64

0.26 2247 2276 2289 2292 2310 2290
1.31 2121 2147 2158 2160 2180 2157
2.36 2015 2036 2040 2042 2062 2038
3.01 2091 2109 2115 2116 2136 2111
4.06 1847 1832 1828 1827 1846 1823
4.97 1390 1366 1351 1349 1368 1345
5.76 1890 1875 1870 1869 1887 1866

a)

b)

Fig. 2 Equilibrium wall temperature Tw(K) and the heat � ux qw
(MW/m2) distributions along the ellipsoid surface; comparisons of the
present results with other numerical results andwith experimentaldata.

example of this dependency is given in Table 2, where the values
Tw at x1 D 0:3 and at different values x2 for different grids HM1 £ M2

are presented. These tests are done for the following conditions:
H D 70 km, L D 0:5 m, V1 D 7:25 km/s, ® D ¯ D 45 deg, M3 D 10,
and noncatalyticwall.

On the whole, the systematic numerical simulation enables us to
draw the conclusion that, for a solution with an error lower than
1:0%, a mesh with M1 D 30, M2 D 64, and M3 D 10 can be used
(M® is the number of grid points along the coordinate x® ) with
coordinate x1 and 64 points on circumferential. Analysis of the
numerical calculations also shows that the suggested algorithm is
stable, has a high level of arithmetical cost ef� ciency, the CPU time
foronevariantof computationon a Hewlett–Packard712/80 is about
15–20 min, and enables variants for a wide range of � ight altitude
and freestream velocity to be computed rapidly.

A. Three-Dimensional Stagnation Line
First, we present the numerical results along a three-dimensional

stagnation line. The problem solution at this location depends on
one geometricalparameter only becauseof the parabolic type of the
equations. It is the value k D R1=R2 , where R1 and R2 are the main
curvaturesof the body surface at the stagnationpoint. Case k D 1:0,
one limit case, corresponds to the stagnationpoint of a sphere; case
k D 0:0, the other limit case, corresponds to the stagnation point of
a cylinder; and the case 0 < k < 1:0 corresponds to an intermediate
geometry.

In Fig. 3, the distributions of the equilibrium wall temperature
Tw on the body surface at the stagnation point as a function of the
altitude H along the space shuttle trajectory are shown26: Fig. 3a
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a)

b)

c)

Fig. 3 Equilibrium wall temperature Tw at three-dimensional stagna-
tion point vs the � ight altitude H(km) for different k, L, and for different
catalysis models.

for a noncatalytic surface, for a given linear size L D 0:5 m and
for different values of the parameter k; Fig. 3b for a noncatalytic
surface, for a given parameter k D 1:0 and for different sizes L ; and
Fig. 3c for a given size L D 0:5 m, a givenparameterk D 0:5, and for
different wall heterogeneous chemical reaction models. These re-
sults correspond to computations with vibrational nonequilibrium,
but results obtained with vibrational equilibrium are also plotted.
The solutions show that for a considered trajectory the absolute
value of the heat � ux qw (or the wall equilibrium temperature Tw )
on the body surface is a nonmonotonicfunctionof the � ight altitude
and presents a maximum. The position of this maximum depends
on the geometrical parameters k and L, as well as on the vibra-
tional relaxation effects and on the wall catalysis heterogeneous
model.

For each type of surface, the results correspondingto several val-
ues of k have been investigated. It was found that the in� uence of

a)

b)

Fig. 4 L = 0:5 m, and k = 1:0 (lines with circles) and k = 0:01 (lines
without circles): a) pro� les of the transrotational and vibrational tem-
peratures and b) pro� les of the mass fractions of the componentsacross
the shock layer at the stagnation line.

k is greater in the case of a noncatalytic surface than in the other
two cases (Fig. 3). Moreover, comparisons between the nonequi-
librium vibration computationsand the equilibrium ones for values
of k D 0:01 and 1 demonstrate that the in� uence of the vibrational
nonequilibriumis visible only for an altitudebetween 95 and 65 km
and only on a noncatalytic surface. On the ideal catalytic surface,
the difference between the nonequilibrium vibration case and the
equilibrium one is rather small. Thus, the more catalytic the sur-
face, the less important the surface activity, regarding the coupling
effects,becausethe diffusionpart of the heat � ux to the body surface
increases with the catalytic activity.

In Fig. 4 the transrotationaland vibrationaltemperatures(Fig. 4a)
and the mass concentrationsof the components (Fig. 4b) are plotted
vs the dimensionlessnormal coordinate x3=L : for an ideal catalytic
surface, H D 60 km, V1 D 4:75 km/s and for two values of k. On
the whole, the in� uence of the altitude on the transrotational and
vibrational temperatures is rather great because the � ow appears to
be fully viscous (Re D 300) for an altitude of 80 km, whereas for
H D 60 km, the � ow is viscous just behind the shock wave and close
to the body surface, but in between, the � ow is inviscid. For both
altitudes, the behavior near the shock wave depends on the cou-
pling between the nonequilibriumphenomenaand on the molecular
transfer effects. Therefore, along the entire trajectory it is necessary
to apply the generalized Rankine–Hugoniot relations to the shock
wave. It can also be seen that even at an altitude of 60 km with
V1 D 4:75 km/s and L D 0:5 m, the vibrational nonequilibriumef-
fects are still great (for this trajectory): The temperature T resulting
from a nonequilibriumcomputation is rather different from the one
resulting from a vibrational equilibrium computation. This can be
explained by the competitive in� uence of the Landau–Teller vibra-
tional source term and of the vibration–chemistry coupling source
term at an altitude of 60 km. The nonmonotonicbehavior of TVO2

is
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a)

b)

c)

Fig. 5 Dependence of the ratio Tw(k)/Tw(1) on k for different trajectory
points and for different catalysis models; L = 0:5 m.

particularlynoteworthy as the altitude decreases.The local minima
of the vibrational temperature of oxygen are for the altitudes of 90
and 60 km. This can be explained by the relatively low value of the
Landau–Teller vibrational source term at a high altitude (90 km)
and by the relatively low value of the temperature behind the shock
wave at 60 km. However,whereas the behaviorof TVO2

is not mono-
tonic with respect to the altitude, the differencebetween T and TVO2
decreases monotonically as the altitude decreases.

The body shape and the surface catalysis also have a rather great
in� uence on the levels of chemical components in the shock layer
(Fig. 4b). Because the shock standoff distance for a � ow around a
sphere (k D 1) is shorter than for a small k, the ratio between the
chemical relaxation characteristic timescale and the � ow character-
istic timescale increases; therefore, in the � ow around the sphere,
there is less dissociation of N2 than in the � ow around a body with

a)

b)

Fig. 6 Flow over a sphere, L = 0:5 m; isovalues of the wall equilib-
rium temperature Tw(1) a) for a noncatalytic surface and b) for a � nite
catalytic surface.

Fig. 7 Pro� les of T and TvN2
across the shock layer vs the coordinate

³ for different locations on the lateral ellipsoid surface.

a small k. As for the oxygen molecules, their full dissociation for
k D 1 appears farther from the shock wave than for k » 0:1.

We have also investigated the dependence of the parameter
Tw.k/=Tw.1/ on k, where Tw.1/ is the equilibrium wall tempera-
ture on a sphere, for different trajectorypoints and for differentwall
catalysis types (Fig. 5). This ratio seems to be quite conservative
and has a similar behavior for different catalysis surfaces and for
different freestream parameters.

As for the wall equilibrium temperature Tw .1/ for a � ow over a
sphere, its isovalues are drawn in Fig. 6a for a noncatalytic surface
model and in Fig. 6b for the Tong et al. model.16 These isovaluesare
determinedfor a range of altitudevaryingfrom 60 to 100 km and for
a range of velocity varying from 3 to 7.8 km/s. These isovalues are
verypracticalto usebecause,for anyaltitudeandvelocity,theyallow
thevalueof thewall temperatureat the stagnationpointofa � owover
a sphereto bedeterminedwith a ratherhighaccuracy.Then,knowing
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a) ® = 0 deg and ¯ = 0 deg

b) ® = 20 deg and ¯ = 0 deg

c) ® = 45 deg and ¯ = 0 deg

d) ® = 60 deg and ¯ = 0 deg

e) ® = 45 deg and ¯ = 15 deg

f) ® = 45 deg and ¯ = 45 deg

g) ® = 45 deg and ¯ = 60 deg

h) ® = 60 deg and ¯ = 30 deg

Fig. 8 Flow over an ellipsoid with axis 1:0.7:0.3,H = 70 km, V1 = 7:25 km/s, and L = 0:5 m, where x = x1 cos x2 , y = x1 sin x2; distributions of T0
w along

a noncatalytic surface for different angles ® and ¯.
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Tw .1/ and using the conservatism of the ratio Tw .k/=Tw.1/ with
respect to freestream parameters, the value of the wall temperature
Tw .k/ can be determined for any other body shape by multiplying
the value of Tw.1/ by the ratio Tw.k/=Tw.1/.

B. Three-Dimensional Flow over a Lateral Body Surface
Now consider the computational results for a general three-

dimensional � ow simulation. Figure 7 presents the pro� les of the
transrotational temperature T and of the vibrational temperature
TVN2

across the shock layer for different locations on the lateral
ellipsoid surface (with axis 1:0.7:0.3, for the upstream conditions
H D 86:21 km, V1 D 7:25 km/s, L D 5:0 m, and ® D ¯ D 45 deg
and for a noncatalytic surface).

The numerical simulation have demonstrated that the absolute
values of the wall equilibrium temperature Tw and of the heat � ux
qw stronglydependon the problemparameters (see Fig. 3), whereas
the relativedistributionsof theq0

w and of the T 0
w

(referredto its values
at the stagnation point) are more conservative, and for a number of
cases T 0

w and q0
w dependmuch less on H and V1 and on the catalytic

reactions model.
The character of the T 0

w distributions in a qualitative sense de-
pends on the body shape and on the values of the angles ® and
¯ . Their in� uence on T 0

w along the noncatalytic ellipsoid surface
with axis 1:0.7:0.3 for H D 70 km, V1 D 7:25 km/s, and L D 0:5 m
is presented in Fig. 8. For this ellipsoid, the distribution T 0

w for
® D ¯ D 0 deg has a maximum at the stagnation point. For nonzero
incidence(® 6D 0 deg) and ¯ D 0 deg, the maximum of T 0

w remains in
a symmetry plane of the � ow, but moves from the stagnation point
to a direction of decrease in the longitudinalcurvature radius of the
ellipsoid. For a general case (® 6D 0 deg and ¯ 6D 0 deg) any sym-
metry for T 0

w distributions disappears, and a limited region arises
on the lateral surface of the body, where Tw exceeds its values at
the stagnationpoint. On the whole, it has been found that a location
of higher heat � uxes is de� ned by the values of the attack and slip
angles and depends much less on the � ight altitude.

The analysis of the numerical computations have also demon-
strated that the relative values of the heat � ux q0

w and of the equilib-
rium wall temperature T 0

w are rather conservativewith respect to the
catalytic surface model, to the linear size of the problem L , and to
the trajectory point. Indeed, this can be seen from the comparisons
between T 0

w isovalues for a noncatalytic surface (solid lines) and
for a � nite catalytic surface activity16 (dashed lines) (Fig. 8a) and
from the comparisons between T 0

w distributions along a circumfer-
ential coordinate x2 over the ellipsoid surface for different values
of L (Fig. 9) (H D 70 km, V1 D 7:25 km/s, ® D 45 deg, and ¯ D
15 deg).

For inviscid nonequilibrium air� ow simulations the approxima-
tion of the binary similarity33 has been widely practiced. The main
idea of this approximation is that if recombination processes can
be left out, the inviscid � ow structure depends on the similarity pa-
rameter B D ½1 ¢ L only. In this connection, to verify the in� uence
of recombinationprocesses and of molecular transfer effects on the
� ow structureand the possibilityto apply this approximateapproach
for the investigation of three-dimensional � ows in viscous shock
layers, a number of calculationshave been carried out. An example
of these comparisons is presented in Fig. 10, where the q0

w distri-
butions along the marching coordinate x1 are plotted for different
altitudes and linear sizes (on condition that the similarity parameter
B D ½1 ¢ L remains constant and equal to 2:95 £ 10¡5 kg/m2), and
for differentcatalysismodels.Here lines a–e correspondto a noncat-
alytic surface; lines f–g to � nite catalysis surface; lines a, e, and g to
H D 86:21 km, and L D 5:0 m; linesand b, d, and f to H D 53:78km,
and L D 0:05 m; line c to H D 70 km and L D 0:5 m; and lines d
and e to the vibrational equilibrium case. On the whole, compar-
isons with numerical solutions have demonstrated that the binary
similarity approximation has rather good accuracy for the relative
values of the heat � ux q0

w and for the equilibrium wall temperature
T 0

w , as well as for the absolute values of the heat transfer coef� cient
Cq D 2qw=.½1 V 3

1/ distributions,and therefore, this approximation
can be used for practical applications.

The conservative behavior of the equilibrium wall temperature
relative value T 0

w has an important practical signi� cance because it

Fig. 9 Distributions of T0
w along the circumferential coordinate x2 for

different valuesofL; � ow over an ellipsoid with axis1:0.7:0.3,® = 45 deg
and ¯ = 15 deg.

Fig. 10 Distributions of q0
w along the marching coordinate x1 for dif-

ferent H and L; � ow over an ellipsoid with axis 1:0.7:0.3,® = ¯ = 45 deg.

allows the following approximate formula for the de� nition of the
equilibrium surface temperature:

Tw

¡
x1; x2; k; kiw; L ; ½1; V1

¢
D Tw.0; 0; k; kiw; L ; ½1; V1/ £ NT 0

w

(23)

Tw.0; 0; k; kiw; L ; ½1; V1/ can be de� ned by means of the nu-
merical solution to the problemfor the three-dimensionalstagnation
point with given values of the parameter k and of the problemlinear
size L , a given catalyticactivity,and a given trajectorypoint. For the
calculationof the term NT 0

w , the conservatismof the relative distribu-
tions T 0

w can be used.On this basis, the value of NT 0
w can be calculated

only once for a given body shape and for given values of the an-
gles ® and ¯ (for example for a noncatalytic surface and for one
variant of the � ight altitude and of the freestream velocity). Com-
parisons of numerical results and calculationswith relation (23) are
presented in Fig. 11, where the distributionsTw along the marching
coordinate x1 for a � ow over an ellipsoid with axis 1:0.7:0.3 for
V1 D 7:25 km/s and ® D ¯ D 45 deg are plotted. In Fig. 11, lines
1 are for H D 53:78 km and L D 0:05 m; lines 2 for H D 70 km
and L D 0:5 m with the vibrational equilibrium case; and lines 3
for H D 86:21 km and L D 5:0 m. As can be seen, the suggested
approximateapproachgives results close to the complete numerical
results, and therefore, it may be used for practical applications.
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a)

b)

c)

Fig. 11 Distributions of Tw(K) along the marching coordinate x1; � ow
over an ellipsoid with axis1:0.7:0.3,V1 = 7:25 km/s,and ® = ¯ = 45 deg.

VI. Conclusions
The � ow� eld over a three axis ellipsoid for a wide range of

freestream parameters and of attack and slip angles, including the
practicalapplicationof the space shuttle trajectory,has been investi-
gated. The determination of the three-dimensional� ow parameters
on the basis of the TVSL model has been carried out by taking into
account the coupling between the vibrational relaxation and the
chemical processes by means of the recently developed CVDEV
model. The numerical simulations have been conducted with the
high-accuracy numerical method, which has a very high level of
arithmetic cost ef� ciency. It has been shown that the body surface
heat � ux and the equilibrium temperature strongly depend on the
nonequilibrium coupling for a noncatalytic surface. For an ideal
catalytic surface or for a � nite catalytic surface, the in� uence of
the coupling is lower, but to obtain accurate information about the
structure of the shock layer, it is necessary to take into account the
coupling for practically all of the trajectory and to consider viscous
effects close to the shock wave. To conclude, the TVSL approach is
a very powerful tool that has enabled the assessment of various as-
sumptions about the modeling of reentry nonequilibrium� ow� elds.
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