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Influence of Nonequilibrium Kinetics on Heat Transfer
and Diffusion near Re-Entering Body
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and
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The heat transfer and diffusion near the surface of a space vehicle under re-entry conditions are studied
on the basis of the kinetic theory of gases. The influence of the nonequilibrium kinetics in an (N2, N)
mixture on the transport properties of the flow is investigated. The nonequilibrium vibrational distri-
butions in the boundary layer near the surface of the re-entering body have been obtained in the state-
to-state approach and inserted in the transport kinetic theory code. As a result, the total heat flux, thermal
conductivity, and all diffusion coefficients are calculated under different conditions in the freestream and
on the surface. The effects of various energy exchanges, vibrational nonequilibrium, dissociation, and
recombination on the heat transfer and diffusion are examined.

Nomenclature
c = peculiar velocity
CTOU = dimensionless rotational specific heat of molecules

at the /th vibrational level
ca = mass fraction of the am component
DTa = thermal diffusion coefficients
Daft = diffusion coefficients
da = diffusion driving force of the am component
/ = stream function
fij — distribution function
/ = unit tensor
i = vibrational quantum number
j = rotational quantum number
k = Boltzmann constant
m = molecular mass
ma = mass of atoms
na = number density of atoms
n{ = number density of a molecule at the /th vibrational

level
P = tensor of pressure
Pr = Prandtl number
p = pressure
prel = relaxation pressure
q = total heat flux
r = spatial coordinate
Sc = Schmidt number
Si, ST = source terms
Sj = rotational statistical weight
T = gas temperature
t = temporal coordinate
U = total energy per unit mass
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u = microscopic molecular velocity
Va = diffusion velocity of atomic species
Vf = diffusion velocity of molecular species at /th

vibrational level
v = macroscopic gas velocity
ve = flow velocity at the external edge of boundary layer
Z-ot = rotational partition function
)8 = velocity gradient along the surface
ec = energy of formation of atoms
e{ - vibrational energy of a molecule
Sj = rotational energy of a molecule at the yth rotational

and /th vibrational level
(efj)r = averaged rotational energy
I = bulk viscosity coefficient
77 = body-normal coordinate
6 = dimensionless temperature, TITe
A' = thermal conductivity coefficient
IJL = shear viscosity coefficient
£ = body-parallel coordinate
p = density

Subscripts
a = atomic
e = parameters at the external edge of boundary layer
m = molecular
w = parameters at the surface

Introduction

DURING the past several years there has been a growing
interest in the investigation of the vibrational and chem-

ical kinetics in different gas flows using the state-to-state ap-
proach. This approach becomes particularly important when
the characteristic times of vibrational and chemical relaxation
are comparable with the macroscopic time of changing of the
macroscopic parameters. In this case, the quasistationary dis-
tributions over vibrational energy are not valid because of the
strong vibrational-chemical coupling that can influence the
gas flow parameters. These conditions take place in the ex-
panding flows that are widely cited in the literature (see the
brief review in Ref. 1), in the very beginning of the relaxation
zone behind a shock wave where the Boltzmann distribution
is not established,2'4 in the conditions of re-entry of the space
vehicles into planetary atmospheres,5 and in the end-wall
boundary layer behind a shock wave in a shock tube.6 In Refs.
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5 and 7, it is shown that strong nonequilibrium conditions exist
near the surface of the spacecraft entering the air atmosphere
with the hypersonic speed. The non-Boltzmann distributions
appear as a result of the gas temperature decrease from the
high shock-edge value toward the temperature of the cool ve-
hicle surface. In the result, the vibrational temperature in the
boundary layer occurs higher, compared with the gas temper-
ature and the interplay of the vibrational energy exchanges;
dissociation and recombination may dramatically change the
vibrational level populations. The essentially non-Boltzmann
behavior of the vibrational populations in the stagnation zone
near a blunt body was shown also in Ref. 8.

Near the surface of the spacecraft, the dissipative processes
of heat transfer and diffusion are of importance and should be
considered together with the vibrational-chemical kinetics.
Usually the nonequilibrium processes in the boundary layer
are studied using either the weak nonequilibrium and two-tem-
perature kinetic theory approaches9'11 or the framework of the
phenomenological models. The state-to-state approach to this
problem has not been sufficiently advanced up to now, and
few results have been obtained using the simple empirical
models for transport coefficients.8'12

The present paper studies the effect of nonequilibrium dis-
tributions on the transport properties near a re-entering body
on the basis of the state-to-state kinetic theory developed in
Refs. 2 and 13. The detailed kinetics in the boundary layer,
investigated on the basis of the model,5 is inserted in the ki-
netic theory code.13 As a result, the heat flux, thermal conduc-
tivity, and all diffusion coefficients are calculated in the (N2,
N) mixture, with dissociation and recombination under differ-
ent conditions in the freestream and at the vehicle surface.

Equations of State-to-State Kinetics in the Gas
Flow: Transport Properties

We consider a binary mixture of dissociating diatomic mol-
ecules and atoms under the conditions of rapid equilibration
of translation and rotational energies compared with vibra-
tional relaxation and dissociation—recombination processes.
The characteristic times of slow processes are of the same
order as the macroscopic time. In this case, the following sys-
tem of the equations of the detailed vibrational and chemical
kinetics in a gas flow coupled with the momentum and energy
conservation equations is obtained from the kinetic equations
for the distribution functions13:

— + /1,-V-v +dt

——
dt

i = 0, 1, . . .

p~
dt

p — + V - g + P: Vv = 0dt

(1)

(2)

(3)

(4)

Equations (1) and (2) contain the diffusion velocities for each
vibrational level V, and atomic species Va. The right-hand sides
of Eqs. (1) and (2) describe the change of molecular level
populations and atomic densities caused by the vibrational en-
ergy exchanges, dissociation, and recombination:

+ #f Ra = -2 (5)

The source terms R?br and R?ss"rec contain the microscopic rate
constants of the corresponding processes that are expressed in
terms of the inelastic collision integrals.

Hereafter, we follow the code of the transport kinetic theory
in the level approach developed in Refs. 2 and 13, and use
the algorithm of the calculation of the transport terms in Eqs.
(1-4) given in these papers.

Transport and production terms in Eqs. (1-4) are defined
by the distribution functions. Using the generalized Chapman-
Enskog method in the state-to-state approach, the distribution
functions in each approximation are expressed in terms of the
functions rc,(r, t), na(r, t), v(r, t), and T(r, t). The zero-order
distribution functions for molecules at the ith vibrational and
y'th rotational level /Sf and atoms /10) are given by

-277*77

n, me
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(6)

In the zero-order approximation, because of the Maxwell dis-
tribution over velocities, the heat flux and diffusion velocities
are equal to zero, and the pressure tensor P(0) = pi. In this case,
Eqs. (1-4) describe the flow of a mixture of nonviscous non-
conductive gases. Usually this approach is used for the mod-
eling of the vibrational-chemical kinetics behind shock waves
and in expanding flows, neglecting the influence of the trans-
port processes on the vibrational and chemical kinetics. Near
the surface of the space vehicle, the non-Max well ian velocity
distribution should be taken into account, and heat transfer and
diffusion processes should be considered together with the
nonequilibrium kinetics.

In the first-order approximation the pressure tensor has the
form

(7)

The diffusion velocities are defined by the following expres-
sions13:

V, = -Dndi - Dm dk - Dmada - DTV €n T (8)

Va = ~Daada - Dmadm - DTV (9)

where the diffusion driving forces for molecules at different
vibrational levels and atoms are given by

* -f - V e n p
nj n p

+ (-- - )V €npn] \n p/

(10)

Equations (8) and (9) contain the following diffusion coeffi-
cients: DTm and DTa are the thermal diffusion coefficients of
molecules and atoms correspondingly, Dma is the diffusion co-
efficient for a mixture of molecules and atoms, Dmm is the
diffusion coefficient of the molecules at different vibrational
levels, Daa is the self-diffusion coefficient of atomic species,
and Da are the self-diffusion coefficients of the molecular spe-
cies at the same ith vibrational level, n = S/ n{ + na, p, =
run,, pa = mana, p = 2/ p, + pcl.

The total heat flux in the state-to-state approach has the next
form:

q = - p(DTmdm + DTda)

(ID
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The total heat conductivity coefficient A' is a sum of two co-
efficients A,'r and A;, describing the transport of translational
and rotational energy correspondingly.

One can see that the diffusion velocities and heat flux in the
level approach are defined not only by the gradients of the gas
temperature and number densities of atomic and molecular
species, but also by the gradients of all vibrational level pop-
ulations.

The algorithm of the calculation of the thermal conductivity
and all diffusion coefficients is developed in Ref. 13. In the
first-order approximation of the generalized Chapman-Enskog
method, the following formulas are obtained:

*'-2!*?«- na
~

T~2n

^kn,
lln'

2n

_1_
2n(

(13)

(14)

Here, the coefficients aait00, aait0i, 0aUO (a = m, a), d^Q (a, j8
= m, a, /) are the solutions of the linear algebraic equations,
and can be found as a ratio of the determinants. The elements
of the determinants depend on the elastic collision integrals,
vibrational level populations, atomic number densities, and gas
temperature.

The expressions for q and Vi9 Va differ from those obtained
in the one-temperature approach14'16 and in the case of weak
deviations from the equilibrium.17 In the first case, they contain
the gradients of the gas temperature and number densities of
atoms and molecules, which are found as a solution of the
equations of the one-temperature chemical kinetics based on
the Boltzmann distribution over vibrational levels with the gas
temperature. In the latter case, the number densities of chem-
ical species can be found from the equations of the thermo-
dynamic equilibrium.

Equations (1-4), with transport terms (7-9) and (11) and
transport coefficients (12-14), describe the simultaneous pro-
cesses of the nonequilibrium kinetics and heat transfer and
diffusion in the flow. The development of the two- and three-
dimensional numerical codes for these equations is rather dif-
ficult because of the large number of differential equations for
the level populations and high number of the diffusion coef-
ficients for the various vibrational levels of molecular species.
In fact, the calculation of all transport coefficients in the state-
to-state approach requires the computation of the determinants
containing a large number of elements in multicomponent re-
acting mixtures.13 The one-dimensional code is useful for the
understanding of the kinetics in flows such as that behind a
shock wave, in a nozzle and expanding tube, and in a non-
equilibrium boundary layer. In the present paper, the one-di-
mensional approximation developed in Ref. 5 for the flow in
a boundary layer near the surface is used. Moreover, the fol-
lowing simplification of the problem is suggested as the first
step toward the final goal of the solution of the full system of
Eqs. (1-4), (7-9), (11), and (12-14) for multicomponent re-
acting mixtures. First, the nonequilibrium vibrational level
populations, gas temperature, and number density of atomic
species are found from the equations that may be obtained
from Eqs. (1-4), after some simplification of the transport
terms. This model is described in the next section. Then, hav-
ing this solution, the rigorous kinetic transport theory code
given in the preceding text is used for the simulation of the
transport properties, such as heat transfer and diffusion in the
same flow. This approach permits us to calculate the heat con-
ductivity and all diffusion coefficients as well as the total heat

flux, taking into account the strong nonequilibrium distribu-
tions, and to estimate the influence of the nonequilibrium ki-
netics on the transport properties near the surface of a space
vehicle.

Nonequilibrium Kinetics in a Boundary Layer
The calculation of the level populations, number densities

of atoms, and gas temperature in a boundary layer near the
surface of the spacecraft was performed using the approximate
code developed in Refs. 5, 7, and 18. In these papers, the
equations of the state-to-state kinetics and fluid dynamics were
simplified for the case of a stationary flow near a flat plate in
the stagnation point approximation. The model allows the
computation of the vibrational distributions, the atomic density,
and the gas temperature profiles along a coordinate normal to
the surface.

For a binary mixture (N2, N), the one-dimensional equations
of the fluid dynamics and state-to-state kinetics in the bound-
ary layer have been solved:

c" + Scfcl = Si9 i = 0-46

0" + Prfff = ST

(15)

(16)

Here, Eqs. (15) are the equations for the populations of the
bounded vibrational levels c/ = pjp (i - 0-45) and atoms c46
= ca = pjp (i = 46). Equation (16) is the energy equation. The
derivatives have been derived with respect to coordinate TJ
normal to the surface:

-r peve d;t

In Eqs. (15) and (16) the left-hand side corresponds to the
diffusive and convection terms. The Schmidt and Prandtl num-
bers are assumed to be constant. The source terms 5, and ST
rise from the vibrational -vibrational (VV) and vibrational -
translational (VT) energy exchange, as well as from the dis-
sociation-recombination processes.5'18 The vibrational kinetics
in nitrogen includes the following processes:

N2(0 + N2(w) <-» N2(i - 1) + N2(w

N2(i) + N2 <-> N2(i - 1) + N2

N2(/) + N <-> N2(w) + N

(17)

(18)

(19)

The rate coefficients of processes (17-19) have been taken
from Refs. 12, 19, and 20, respectively. Concerning
dissociation -recombination reactions, the ladder-climbing
model is used. We consider a pseudolevel /' + 1 located just
above the last bounded level of a molecule /', through which
the dissociation -recombination reaction passes:

N2(i) N2(i" N2(i -

N2 4-> N2(i" N2 <-» 2N + N2

N2(i) + N <-» N2(i" + 1) + N <-> 3N

2N
(20)

(21)

(22)

The dissociation rates have been calculated as an extension to
the pseudolevel of the VV- and VT-exchange rates, whereas
the recombination rates are obtained using the detailed balance
principle.5'7

The following boundary conditions for Eqs. (15) and (16)
are considered. At the external edge of the boundary layer, the
temperature, density, and pressure are fixed: T = Te, p = pe,
p = pe\ the vibrational distributions are assumed to be the
Boltzmann equilibrium at the gas temperature c, = cfq)( J1,). The
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surface temperature is also fixed: T = Tw\ the surface is con-
sidered as noncatalytic: (dCi/dr))w = 0. The velocity gradient
along the surface j8 = dve/dx is the parameter fixed at 5000
s"1; /3 can be treated as the inverse of the residence time of a
particle in the boundary layer.

This approximation allows one to calculate the vibrational
level populations, atomic population density, temperature, and
temperature gradient along the coordinate TJ.

These results have been inserted into the kinetic theory code
described in the previous section. In the boundary-layer ap-
proximation, the pressure gradient is equal to zero and ex-
pressions (10) for the diffusion driving forces may be simpli-
fied. The diffusion velocities [Eqs. (8) and (9)] take the form

V, = -(£>„ - Dmm)V - 1 - DmmV (- 1 - DmaV ( -
W \n

- DTV tn T (23)

Va = ~DaaV — - DmaV [— -DTV€nT (24)
n n

Finally, the heat conductivity and all diffusion coefficients, and
the total energy flux and its Fourier part, depending only on
the gas temperature gradient, have been calculated for the same
conditions along the coordinate 17. The results show the influ-
ence of the nonequilibrium kinetics on the transport processes
in the flow, and they are discussed in the next section.

Results and Discussion
Using the models of the transport properties and nonequi-

librium kinetics presented in the previous sections, we inves-
tigated the vibrational and dissociation -recombination kinetics
and heat transfer and diffusion in the flow of an (N2, N) mix-
ture in the boundary layer under re-entry conditions: high tem-
perature at the edge of the boundary layer (17 = 4): Te = 5000
and 7000 K, and low temperature of the vehicle surface (17 =
0): Tw = 300 and 1000 K. The second case (Te = 7000 and
1000 K) approximately corresponds to the Mach number in
the freestream, —25. Two values of the pressure outside the
boundary layer are considered: pe = 103 and 106 Pa. Also, two
different models are examined. The first one includes the com-
plete kinetics described in the previous section: VT and VV
exchange, recombination, and dissociation; and in the second
model recombination and VV exchanges are neglected. The
comparison of the vibrational distributions, macroscopic pa-
rameters, and transport properties of the flow in both cases
permits one to estimate the effects of recombination and VV
exchange.

First we will discuss the results concerning the nonequilib-
rium kinetics in the conditions under consideration. Figures la
and Ib represent the dimensionless level populations njn of
N2 vs i at the different distances from the wall (pe = 103 Pa).
Dissociation in the gas flow near the high-temperature edge of
the boundary layer produces nitrogen atoms that diffuse toward
the cool surface. Recombination near the surface pumps the
populations of the upper levels. As a result of this process, and
VV and VT exchange, the strong nonequilibrium distribution
with the plateau section at the intermediate and upper levels
appears near the wall (see Fig. la). This effect was found in
Refs. 5, 7, and 18. The role of recombination and VV exchange
can be seen from the comparison of Figs, la and Ib, where
the level populations are given for the case when recombina-
tion and VV exchange were neglected. Figure Ib shows the
deactivation of the vibrational levels from the edge of the
boundary layer toward the surface, the distributions are not far
from the steady- state ones.

Figures 2a and 2b report the level populations vs / and the
profiles of the populations of the selected levels (/ = 0, i = 10,
/ = 20, i = 45) in the case of pe = 106 Pa. In this case, the
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Fig. 1 Reduced level populations, //,//*, as functions of i at dif-
ferent rj (Te = 5000 K, Tw = 300 K, pe = 103 Pa): a) complete
kinetics and b) no VV exchange and recombination.
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Fig. 2 Reduced level populations a) njn, as functions of/ at dif-
ferent YJ (Te = 5000 K, Tw = 300 K, pe = 106 Pa), b) Populations of
selected levels as functions of 17.

relaxation times of all processes are shorter as a result of the
high pressure, and the difference between level populations at
various pe is evident. In particular, at higher pressures, the
region near the surface where the strong nonequilibrium dis-
tributions are observed is more narrow, and the populations of
the intermediate levels near the wall are lower. From Fig. 2b,
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the maximum gradients of the nonequilibrium level popula-
tions are seen in the region 0 < 17 < 2.

Figure 3 gives the change of the number density of the N
atoms in the boundary layer at different conditions. The strong
dependence of nN on the pressure pe is found: under the high-
pressure conditions, the concentration of atoms is much lower
because of the low degree of dissociation. One can see also
that, in the pe = 103 Pa case, the influence of recombination
and VV exchange on the number density of species is impor-
tant in the interval 0 < 17 < 2, where the vibrational distribu-
tions deviate more strongly from the equilibrium. It may be
noticed that the influence of recombination on nN is much less
than on n(. It is not surprising and may be explained by two
reasons: first, the surface is noncatalytic, and second, accord-
ing to the ladder-climbing model, dissociation and recombi-
nation go through one vibrational pseudolevel /' 4- 1 and do
not significantly change the total number density of species.

The temperature profile is given in Fig. 4 for the same con-
ditions. The temperature gradient has also been calculated. The
temperature decreases and the temperature gradient increases
from the edge toward the surface (with 77 decrease). Recom-

0.25 -

0.2 -

0.15 -

O.1 -

0.05 -

Fig. 3 Molar fraction of atoms as a function of TJ. Te - 5000 K
and Tw = 300 K. Solid curve, pe - 103 Pa, complete kinetics; points,
pe - 103 Pa, no VV exchange and recombination; dotted curve, pe
= 106 Pa.

bination near the surface leads to an increase in dT/dTj at 77 <
0.6. In the case of high pressure, pe = 106 Pa dT/drj near the
wall is less than in the pe = 103 Pa case at 0 < 77 < 2, and
exceeds dT/drj calculated at a low pressure at 77 > 2. It is
because of the fact that in this case the dissociation near the
edge of the boundary layer and recombination near the wall
are compensated by the corresponding reverse process.

Now we will consider the effect of the nonequilibrium ki-
netics on the heat conductivity and diffusion coefficients and
the total heat flux in the boundary layer. In Fig. 5 the heat
conductivity coefficient vs 17 is plotted. It is seen that A' in-
creases with the temperature (toward the edge of the boundary
layer). Changing the vibrational distributions only slightly af-
fects the thermal conductivity coefficient. Actually, neglect of
recombination and VV exchange gives an underestimation of
A' —5-8% at 77 < 1; this discrepancy disappears with rising
77. Increasing the pressure pe leads to a decrease of A' ~5-
12%. In a nondissociating gas, A; is known to increase with
pressure. The decrease of A' with pe rising in a dissociating
gas may be seen from experimental data,21 and can be ex-
plained by the fact that, at pe = 106 Pa, the molar fraction of
atoms in the flow is less than the one at p = 103 Pa, and it
leads to a decrease of the total translational energy of the unit
of mass. Because the contribution of the translational energy
to the total heat conductivity coefficient exceeds the contri-
bution of the rotational degrees of freedom,11'22 the decrease in
the translational energy storage is not compensated by the cor-
responding increase in the rotational energy stock because of
the rise of the molecular molar fraction. Therefore, A' describ-
ing the transport of translational and rotational energy de-
creases with pressure.

The results of the calculation of the diffusion coefficients
are given in Figs. 6-8. Figure 6 presents the diffusion and
self-diffusion coefficients DN2_N, DN2_N2, (/ =£ /:), £)N_N, de-
pending on rjatpe= 103 Pa. It is seen that the DN_N coefficient
exceeds two other diffusion coefficients. The behavior of the
thermal diffusion coefficients is similar; they increase with 77
but are about an order of magnitude less compared with the
other diffusion coefficients. In the approximate calculation of
the heat flux, the terms containing the thermal diffusion co-
efficients are often neglected.8'15 However, under the strong
nonequilibrium. conditions, when the gradients of the macro-
scopic parameters are high, the thermal diffusion process may
give a significant contribution to the total energy transfer.

The self-diffusion coefficients for each vibrational level Dti
are given in Figs. 7 a and 7b as functions of / for different

6000 n

5000 -

4000

3000

2000 -

1000

0.25 n

Fig. 4 Gas temperature T9 in K, as a function of rj. Te = 5000 K
and Tw = 300 K. Solid curve, pe = 103 Pa, complete kinetics; points,
pe = 103 Pa, no VV exchange and recombination; dotted curve, pe
= 106 Pa.

0.05

Fig. 5 Heat conductivity coefficient A', in W/m K, as a function
of T). Te = 5000 K and T» - 300 K. Solid curve, pe = 103 Pa,
complete kinetics; points, pe = 103 Pa, VV exchange and recom-
bination are neglected; dotted curve, pe = 106 Pa.
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-O.4 J

Fig. 6 Diffusion coefficients Dij9 in m2/s, as functions of 17. Te =
5000 K, Tw = 300 K, and pe = 103 Pa. Curves 1, £>N2_N; curves 2,
#N2-N2 (i * &); curve 3, DN_N.

1.6 i

1.4

1.2 -
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O.Q -
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0.2 -

Fig. 8 Diffusion coefficient DN_N, in m2/s, as a function of 17. Te
= 5000 K and Tw = 300 K. Solid curve, pe = 103 Pa; dotted line,
pe = 106 Pa.

a)

1.E-07J

Fig. 7 Self-diffusion coefficients Dii9 in m2/s, as a function of i at
different TJ. Te = 5000 K, Tw = 300 K. pe = a) 103 and b) 106 Pa.

values of 77 at pe = 103 Pa (Fig. 7a) and pe = 106 Pa (Fig. 7b),
respectively. One can see that these coefficients depend
strongly on the vibrational level and vary in inverse proportion
to the level populations that are less at the upper levels. The
comparison of Fig. 7a and 7b shows that the change of the
nonequilibrium vibrational distribution significantly influences
the self-diffusion coefficients £>,-/. Figure 8 gives the self-dif-
fusion coefficient of atoms DN_N vs 77 at different values of pe,
and reports the role of pe on the DN_N coefficient. £>N_N de-
creases with rising pressure. Such a behavior of the self-dif-
fusion coefficient coincides with the one predicted by the ki-
netic theory. Thus, in Ref. 15, it is shown that the self-diffusion
coefficients grow with the decrease of the number density of
corresponding species. The remaining diffusion coefficients are
also much less in the case of the high pressure because, in

general, all diffusion coefficients are inverse proportional to
the total number density.

The data concerning the gas temperature, nonequilibrium
level populations and their gradients, the heat conductivity,
thermal diffusion, diffusion, and self-diffusion coefficients are
used for the calculation of the total heat flux along 17 at dif-
ferent conditions. Figures 9a and 9b present the total heat flux
vs 77 calculated at pe = 103 Pa (Fig. 9a) and pe = 106 Pa (Fig.
9b). In Fig. 9a, the roles of the different diffusion processes
in the heat transfer are estimated. Thus, curve 1 represents the
Fourier part of the heat flux qF = —\'VT caused by thermal
conductivity, curve 2 corresponds to the heat flux calculated
when neglecting the diffusion processes, and curve 3 is ob-
tained when neglecting thermal diffusion. It is found that under
the conditions considered there exists a strong competition be-
tween the diffusion and thermal diffusion processes: just near
the surface, thermal diffusion plays a more important role in
the heat transfer; the contribution of this process decreases
with 17 from —100% to 3-5% at the edge. One can notice that
thermal diffusion tends to decrease the total heat flux. On the
contrary, mass diffusion and diffusion of vibrational energy
increase q; the role of the diffusion processes grows from 1 %
at the wall up to 60-65% at the edge of the boundary layer.
Figure 9b gives q and qF calculated for higher pressure. Under
these conditions, the contribution of the thermal diffusion pro-
cess is negligible (less than 1%) because of the small values
of the thermal diffusion coefficients and because the temper-
ature gradient just near the surface is noticeably less than in
the previous case. The contribution of the diffusion to the heat
transfer is also less in the case of the higher pressure, and
reaches 30-35% close to the edge.

The comparison of the total heat flux calculated for different
values of pressure is given in Fig. 10. The subscripts 1 and 2
correspond to the low pressure pc = 103 Pa and high pressure
pe = 106 Pa, respectively. This figure shows the effect of the
nonequilibrium kinetics on the total heat flux. The high pres-
sure at the edge of the boundary layer corresponds to the con-
ditions that are closer to equilibrium. In this case, the macro-
scopic parameters in the flow change more slowly, and their
gradients are less than in the low-pressure boundary layer. This
fact and also the low values of the diffusion coefficients and
molar fraction of atoms lead to the weak influence of the dif-
fusion processes on the heat flux, and therefore, \q2\ < \q\\ at
77 > 1. On the contrary, the value of q2 is higher than the value
of #1 at 77 < 1, which may be explained by the absence of
thermal diffusion tending to decrease the heat flux.
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Fig. 9 Heat flux q, in W/m2, as a function of TJ at Te = 5000 K
and Tw «= 300 K: a) pe = 103 Pa, bold solid curve, total heat flux;
curve 1, qF\ curve 2, diffusion is neglected; curve 3, termal dif-
fusion is neglected, b) pe = 106 Pa, solid curve, q\ dotted curve, qF.

The influence of recombination and VV exchange on the
heat flux is estimated in Fig. 11. Neglect of these processes
leads to an underestimation of the heat flux, particularly near
the surface. In this region, recombination and VV exchange
provide the higher gradients of the molar fractions of species
and level populations. The calculation shows that the Fourier
parts of both fluxes are close to one another (the maximum
discrepancy of ~15—20% is found just near the surface, then
it decreases rapidly with 77), and therefore, the difference in
the heat flux is mainly caused by the diffusion processes.

The comparison of the total heat flux calculated at different
temperature conditions is presented in Fig. 12. One can see
that the value of the heat flux computed at higher temperatures,
Te = 7000 K and Tw = 1000 K, is about two times higher than
in the case of lower temperatures, particularly in the middle
of the boundary layer. It may be pointed out that, in the case
Te = 7000 K, Tw = 1000 K, q practically coincides with qr (the
maximum difference is ~-5-6%), and the heat transfer is de-
termined by the temperature gradient.

To estimate the influence of the nonequilibrium vibrational
distributions on the heat transfer, the total heat flux is com-
pared with the one calculated on the basis of the equilibrium
Boltzmann distribution over vibrational energy with the gas
temperature (Fig. 13). The maximum difference reaches 18-
20% in the region of strong vibrational nonequilibrium. Ap-
proaching the edge of the boundary layer, the vibrational dis-
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Fig. 10 Total heat flux q, in W/m2, as a function of ry. Te » 5000
K and Tw = 300 K. Solid curve, q19pe = 103 Pa; dotted curve, q29
pe - 106 Pa.
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Fig. 11 Total heat flux q, in W/m2, as a function of 17. Te = 5000
K, Tw = 300 K, and pe = 103 Pa. Solid curve, complete kinetics;
dotted curve, no VV exchange and recombination.
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Fig. 12 Total heat flux q, in W/m2, as a function of TJ. Solid curve,
Te = 5000 K, Tw = 300 K, pe - 103 Pa; dotted curve, Te - 7000 K,
Tw = 1000K,pe = 103Pa.



ARMENISE ET AL. 217

-100 -

-15O -

-300

-350 -I

Fig. 13 Total heat flux q, in W/m2, as a function of TJ (Te = 5000
K, Tw = 300 K, pe = 103 Pa). Solid curve, state-to-state approach;
dotted curve, Boltzmann distribution.

of the diffusion processes becomes more important toward the
edge of the boundary layer, and decreases at high pe and Te.
With Te rising (Te = 7000 K), the contribution of all diffusion
processes to the total heat flux occurs weakly due to the high
degree of dissociation, and the gas temperature gradient plays
the most important role in the heat transfer in the boundary
layer.

In conclusion, it may be pointed out that this study was
performed inserting the nonequilibrium kinetics obtained on
the basis of simplified Eqs. (15) and (16) into the transport
theory algorithm. This model permits one to investigate the
influence of the nonequilibrium distributions on transport prop-
erties. To estimate the inverse influence of diffusion of excited
molecules on the level populations, one should use the more
rigorous Eqs. (1-4), which follow from the kinetic equations
and describe simultaneously the nonequilibrium kinetics and
transport properties of the flow in the state-to-state approach.
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tributions become close to Boltzmann and the discrepancy be-
tween the two fluxes disappears.

Conclusions
In this paper, the transport properties in the boundary layer

near the surface of a re-entering body are studied on the basis
of the kinetic theory. The heat transfer and diffusion are con-
sidered on the basis of the first-order approximation of the
generalized Chapman-Enskog method in the state-to-state ap-
proach. In this approach, in a mixture of dissociating mole-
cules and recombining atoms, the heat flux and diffusion ve-
locities depend on the gradients of all level populations, atomic
number density, and gas temperature. The system of diffusion
coefficients contains the coefficients not only for atomic and
molecular species, but also for molecules at different vibra-
tional levels. First, the nonequilibrium distributions and gas
temperature were examined along the streamline orthogonal to
the surface; then the heat flux, heat conductivity, and all dif-
fusion coefficients were computed using these data for the
same conditions. The results show the influence of nonequilib-
rium kinetics on the heat transfer and diffusion.

Recombination-dissociation processes affect the level pop-
ulations and transport properties of the flow. Dissociation near
the high-temperature edge of the boundary layer produces at-
oms that diffuse toward the cool surface; recombination near
the wall pumps the vibrational levels and leads to the strong
nonequilibrium vibrational distribution. The effect of the non-
equilibrium kinetics on the gas temperature, heat conductivity
coefficient, and total heat flux is not so strong as on the level
populations; however, it noticeably changes the behavior of
the gas temperature and heat flux: recombination near the wall
leads to an increase in T and q.

To estimate the influence of the nonequilibrium level pop-
ulations on the transport properties, two values of the pressure
at the edge of the boundary layer were considered. The in-
crease of the pressure gives the vibrational distributions that
are closer to the equilibrium; it leads to the lower value of the
heat flux. The heat conductivity and all diffusion and thermal
diffusion coefficients depend strongly on the pressure pe. The
transport of vibrational energy by excited molecules gives a
contribution to the heat transfer near the surface, which is com-
parable with the contribution of the mass transfer caused by
the diffusion of chemical species. Under the high-pressure con-
ditions, the effect of thermal diffusion on the heat flux is weak
and may be neglected, whereas the neglect of this process un-
der the strong nonequilibrium conditions leads to a significant
overestimation of the heat flux close to the surface. The role
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