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State-to-State Catalytic Models, Kinetics, and Transport
in Hypersonic Boundary Layers
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A new iterative model has been developed that couples, in the boundary layer of a reentering body, the equations

for N, N, Oz, O, and NO mass fractions, N, and O, vibrational distributions, and gas temperature with the surface
state-to-state heterogeneous recombination coefficients has been developed. Results for SiO, and metallic surfaces
are presented and discussed. The non-Boltzmann behavior of the vibrational distribution functions near the surface
is found, as well as the nonmonotonic behavior of the NO density profile along the boundary layer coordinate.
The transport coefficients and the heat flux to the surface are calculated using the Chapman-Enskog theory. A
strong dependence of transport coefficients and energy flux on the vibrational-chemical kinetics in the boundary
layer is shown. In particular, the diffusion coefficients of the first and last vibrational levels differ by several orders
of magnitude, according to the shape of vibrational distributions, and the surface material noticeably influences
diffusion coefficients of N and NO.
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qr = heat flux due to thermal conductivity
(Fourier flux), W - m™2

gmp = heat flux due to mass diffusion, W - m~2

q1D = heat flux due to thermal diffusion, W - m~2

St = source term of the energy equation

Sy = source terms of the continuity equations

So = the number of active sites per unit area,
sites - m™2

SoNs S00 = steric factors

Sc = Schmidt number

SN» SO = sticking coefficients

T = temperature, K

T, vib = edge vibrational temperature, K

Ton, Toos Tox, = threshold temperature, K

Too,> Tono

Vew = diffusion velocity of species c in the
vibrational level v, m-s~!

v, w = species indeces

NN %00, = steric factors

@rNO> &rON

B, Bo = exponential coefficients for
atoms adsorption

BN, s Bo,» Bro = exponential coefficients for dissociative
adsorption

BN Broos = exponential coefficients for

Brno» BroN Eley—Rideal recombination

Y005 YNN» = recombination coefficients of

YON»> YNO different surface reactions

A = mean distance between sites, m

& = formation energy of species c, J

() ot = mean rotational energy, J

o = vibrational energy of the level v of the
species ¢, J

n = coordinate normal to the surface

¢} = T/T,

0 = surface coverage, non dimensional

ATR = thermal conductivity coefficient of
translational and rotational degrees of
freedom, Kg-m-K~!.s73

P = total density, kg - m~>

Pv = density in the vth vibrational
level, kg - m~3

PNs PN, PO = N, NQ, O, 02, and NO

P0,5 PNO density, kg - m™>

Subscripts

e = external edge of the boundary layer

w = wall

Superscript

* = active adsorption site

I. Introduction

ATALYTIC heating effects are of paramount importance in
the modeling and simulation of reentry problems. In fact, for
the flight trajectory segments characterized by large values of Mach
number, diffusion and recombination of atomic species on the sur-
face can represent a consistent part of the total heat flux. The assump-
tion of a noncatalytic surface can lead to strong underestimation of
the thermal load to the vehicle thermal protection systems (TPS), the
reverse being true for the assumption of fully catalytic behavior of
the vehicle surface. Adequate catalyticity models must be therefore
developed and inserted into computational fluid dynamics tools to
realize accurate estimates of vehicle surface heating, with the final
goal of helping TPS designers both in the design phase and in the
postflight data analysis.
For the reentry vehicle TPS, the coating material has to show poor
catalytic properties to reduce as much as possible the energy released
at the surface by catalytic reactions. For the range of temperatures

experienced by this class of vehicles, even a small difference in
catalycity can make a large difference in the heat load. For this
reason, the hypersonic community has been strongly interested in
this topic since the 1950s.!~*

Several experimental studies on high-energy flows near body sur-
faces have made available data on recombination probabilities (i.e.,
ratios between the number of atoms recombined at the surface and
the total number of atoms impinging on the surface).

The pioneering work of Greaves and Linnet! was the first source
of data for hypersonic applications. The experimental studies of
Halpern and Rosner for metal surfaces*® then gave an important
contribution, not only by the wide range of temperatures explored
and the number of surface materials considered, but also by the im-
portant discussions and conclusions they drew about the possibility
of incomplete accommodation of the recombination energy. In the
1970s and 1980s, thanks to studies related to the space shuttle, great
interest was devoted to the experimental evaluation of the catalytic
behavior of materials applicable as surface coatings for TPS tiles.
Scott produced arc-jet data for the recombination coefficients on
high-temperature reusable surfaces insulation.® Stewart et al. per-
formed experiments on space shuttle instrumented tiles to gather
in-flight data directly.” Several sets of experimental data for reacted
cured glass (RCG) were made available from different sources,®~'°
and the large scatter they show is an index of the complexity of the
phenomena involved.

The strong temperature dependence shown by the recombina-
tion coefficient experimental data and the inadequacy of the noncat-
alytic and fully catalytic surface models were the main reasons driv-
ing the study of finite-rate-catalysis models. The first temperature-
dependent models were based on the Arrhenius-like expressions
obtained by fitting experimental data.!' With the progress of re-
search, the sophistication of the model was increased and has led to
models developed from the physics and chemistry of the elementary
mechanisms involved in the heterogeneous processes. !>~

From different modeling experiences, a number of lessons have
been learned: recombination coefficient models have to include their
dependence on surface material, chemical species, and temperature;
local characteristics such as gas composition near the wall can af-
fect the recombination probabilities,'” recombination coefficients
calculated for binary mixtures (e.g., No,—N or O,—0) cannot be used
directly for dissociated air due to the interaction between different
atomic species on the catalyst adsorption sites,'* the catalytic forma-
tion of NO,'® and the coupling of these effects with atomic nitrogen
and oxygen catalytic recombination, #1618

The experimental and theoretical approaches thus far presented
must be considered phenomenological approaches because they ne-
glect the possibility of selective pumping of given vibrational levels
during the recombination phase. To investigate this point, we need
a state-to-state model for microscopic collision kinetics as well as
a molecular dynamic approach to give information on the state-to-
state rates.

To this end, a state-to-state vibrational model for the interaction
of atomic oxygen on SiO; in a hypersonic boundary layer has been
developed.'® The SiO, material was chosen as a representative of
the catalytic behavior of TPS coatings based on RCG.'° The model
treats a heterogeneous recombination process,

Y0Q

O+0*—=0,(v)+*

that is able to form vibrationally excited molecules selectively in
the gas phase.

The relevant rate coefficients were obtained using the molec-
ular dynamic calculation of Cacciatore et al.?° In the model, the
molecules in different vibrational states are considered as differ-
ent species. The gas-phase kinetics follows the ladder-climbing
model.?!?? In a subsequent paper,? these ideas were extended to
dissociating air on the same SiO, surface. In this case, phenomeno-
logical recombination coefficients were taken from the literature.'*
In addition, it was assumed that during the recombination process, all
the recombination energy was used to pump the last vibrational level
of the relevant molecules (N, O,). Gas-phase elementary processes
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then redistribute this energy over the vibrational manifolds of the
molecules. In the case of oxygen atoms, this model provides good
agreement with the results obtained using the molecular dynamic
approach.

The model has recently been improved to take into account, also
in the case of dissociating air, state-to-state recombination on the
surface.?*

This phenomenological approach, however, disregards the cou-
pling between different heterogeneous reactions occurring on the
surface. A first attempt to overcome this problem has been made in
Ref. 25. In this paper, the state-to-state model for a silica surface
developed in previous work,'*2* has been improved to take into ac-
count more advanced recombination coefficient models that include
dependence on surface material, temperature, and gas composition
near the wall, as well as interaction between different atomic species
on the catalyst adsorption sites.'* In particular, this new model cou-
ples the flowfield solution with the surface recombination coefficient
calculations.

In the present paper, we extensively apply this model to both SiO,
and metallic surfaces. In addition, we use the results in the calcula-
tion of transport coefficients and the heat flux to the vehicle using
the Chapman—Enskog theory, including the effect of nonequilibrium
vibrational distributions.?%%’

II. The Model

A. Surface Phenomena

The interaction of dissociated gases, as well as of partially ionized
gases, with a solid surface produces a series of heterogeneous phe-
nomena. Different situations, including plasma flows in a tube and
high-energy flows past atmosphere re-entry vehicles, as well as past
scaled models inside hypersonic wind tunnels, offer examples of this
phenomenology. The heterogeneous interaction is due to two simul-
taneous factors: the presence of dissociated atoms and the existence
of dangling chemical bonds on the solid surface. These locations on
the surface are called “sites.” On these sites gas atoms (or molecules)
can be chemically adsorbed (chemisorbed), that is, can form chem-
ical bonds on the surface site, becoming “adatoms.” In some cases,
the solid surface can promote reactions between adsorbed particles,
and gas particles, making available a more favorable energetic path
for chemical reactions without directly participating in the chemical
reactions. In this case, the solid surface acts as a catalyst,?® promot-
ing recombination reactions and formation of new chemical species.
For the applications connected to this work, the heterogeneous re-
actions of interest involve O and N atoms that form N,, O,, and
NO.

The number of active sites per unit area, [Sy], depends on the
solid material and can be of the order of 10! sites per square meter.
In the general situation, not all the surface sites are occupied by
adatoms; therefore the number of unoccupied sites per unit area
will be: [S]=[So] —[A*], where [A*] is the adatom density. The
characterization of the level of adatom coverage for a solid surface is
usually done by defining a nondimensional parameter called surface
coverage:

0 =[A"1/1S0]

that is, the ratio between the adatom density and the number of active
sites per unit area.

In the surface interaction processes studied in this work, the vi-
brational deactivation has not been included.

The modeling approach to describe the heterogeneous kinetics
can be schematically summarized as follows'#!7-2: 1) diffusion of
reactants to the surface; 2) adsorption of reactants at the surface;
3) chemical reaction on the surface; 4) desorption of products from
the surface; 5) diffusion of products away from the surface. Usually
steps 1 and 5 are assumed to be very fast. For this reason, in the
present work, the diffusion steps are not considered, and the primary
focus is on the kinetic for the elementary processes 2, 3, and 4.

Let us consider atom and molecule chemisorption. The process
involves the adsorption of an atom/molecule (A/M) on an active site

* of the surface, forming a so called adatom A*:

N+4*— N* (1)
0+* — O )
N, 4 2F —> N* + N* 3)
0, +2* — O* 4+ O @)
NO +2* —> N* + O (5)

Once formed, adatoms can react with gas-phase atoms, producing
molecules according to the Eley—Rideal recombination mechanism:

N+N'— N +* (6)
0+0* — O, +* @)
N+ O* — NO+* (3)
O+N*— NO+* )

On the other hand, adatoms can react between themselves, form-
ing molecules in the gas phase through the Langmuir—Hinshelwood
recombination mechanism:

N* +N* —s N, +2* (10)
0"+ 0" — 0, + 2 (11)
N* 4+ 0* —s NO + 2 (12)

Finally, adatoms can desorb according to the following mecha-
nism:

N* — N+~ (13)
0" — O+* (14)

The rate constant of each elementary kinetic process (1)—(14) can
be expressed in the classical Arrenhius form!'*?® as reported in the
Appendix.

Using the classical chemical kinetics theory, one can write the
following rate equations for the concentrations of nitrogen [N*] and
oxygen [O*] adatoms:

d[N*]

o = NSl = [N*] — [O*DAg, + [N2]2([So] — [N*]

—[O* k52, + INO([So] — [N*] — [O* %KY,
— [NJIN*JAAY — [OJN* kY
— 2[N*IIN*TkNY — [N*][O*1ANS — [N*IAN (152)

d[O07]
dt

= [O1([So] — [N*] = [O*Dkg, + [0212([So] — [N*]

— [0 )k, + [NOI([So] — [N*] — [O*)*kNS,
— [O1[0*]kSR — [N][O*TkRY — 2[O*[O*TkOS

— [N*][O* Tk — [O*1k$ (15b)

where [Sy], as already stated, is the initial concentration of active
sites.

The system of equations can be solved under stationary conditions
using the Newton—Raphson method.

At this stage, it is clear that the surface processes, depending
also on the molecular and atomic fluxes on the surface itself, af-
fect the numbers of both nitrogen and oxygen adatoms per unit
area. On the other hand, the number of adatoms per unit area en-
ters into the expressions for the recombination coefficients, which
in turn affect the heterogeneous dissociation—recombination surface
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reactions, and therefore the concentrations of the species in the gas
phase.

The heterogeneous dissociation—recombination reactions in-
cluded in the present model are

N+N SN, (0) +* (16)
0+0" 8 0,()+* (17)
0O+N" X NO++* (18)
N+0* 23 NO+* (19)

and the corresponding recombination coefficients defined in Refs. 14
and 28,

Flux of atoms recombining at the surface

(20)

Vas = Flux of atoms impinging on the surface

are obtained by simple considerations.
On one hand, considering N, O,, NO dissociation—recombi-
nation, the expressions

_M _ 2d[N2] d[NO]

dt 7 dr + dr (21a)
d[0] __d[O,] , d[NO]
_7_2 dr + dr (21b)

hold for the [N] and [O] time variations.
On the other hand, the [N ], [O,], [NO] time variations due to the
surface processes discussed are

dN]

e —[NLI[SPPkg, + INIIN*TkpR + [IN*IPANY (22a)
DO 0,1, + 01O K + (0PRSS (22b)
@ = —[NOJ[SPPKN,, + [NJ[O* I + [O][N*IkSY

+ [N*][0* Tkpy, (22¢)

The recombination coefficients are therefore (see also Refs. 14
and 28)

2(—[IN2I[S Pk, + INIINTIARR + [N*TPANY)

VNN = Zn (23a)
2(—[0a ISPk, + [OI[O" 1K + [0 TPACYD)
Yoo = (23b)
Zo
WNo =

—[NOI[SPkhar, + INJ[O*1ki + [O1IN"IkQR + IN*][O* Tk
AN

(23¢)
YoN =

—[NOI[SPkhar, + [INJ[O*Ikg + [O1IN"TkZR + IN*1[O*Tkpyy
Zo

(23d)
where Z, =[A]/(kT /2xm,), with A=N, O.

B. Boundary Layer Equations and Chemical Kinetics

The elementary heterogeneous processes discussed in the previ-
ous section have been inserted into the boundary layer equations
to investigate the combined effect of both gas-phase and surface
processes on the flow properties.

To stress the roles of both the gas-phase vibrational processes
and the surface ones, the fluid dynamics has been kept as simple

as possible: the simplest flow (axisymmetric or unlimited in one
direction) has been chosen, the stagnation point approximation?-3°
has been used, and a two-dimensional system has been reduced to
the following one-dimensional system of boundary layer equations:

C/+f-Sc-C,=S8, (24a)
@ +f-Pr-® =58 (24b)

using the Lees-Dorodnitsyn transformations’ (see also Chaps. 5 and
6 of Ref. 30) in the self-similar reference system. Equations (24a)
are continuity equations of the concentrations of the 46 vibrational
levels of N,, of the 33 vibrational levels of O,, of N and O atoms,
and of NO molecules, the last ones considered without detailing the
internal structure. The last assumption, which simplifies the calcu-
lations, is mainly due to the poor knowledge of the relevant state-to-
state rate coefficients involving NO(v). Equation (24b) is the energy
equation. The source terms S, and Sy include state-to-state nonequi-
librium vibrational kinetics for N, and O, (including dissociation
and recombination processes>!??) according to the ladder-climbing
model as well as NO formation chemical reactions?':
vy (vibration—vibration energy exchange):

No(v) + No(w) & No(v — 1) + Nop(w + 1) (25)
0:(v) + Oz (w) < O2(v — 1) + O2(w + 1) (26)

vIm  (vibration—translation energy exchange involving
molecules):

No(v) + No & No(w — 1) + N (27
0,(v) + 0, < O(v —1) + 0O, (28)
vTa (vibration-translation energy exchange involving atoms):
Ny (v) + N< Np(w) + N (29)
0:(v) + 0« 0(v—-1)+0 (30)
and exchange reactions:

N,(v) + 0« NO + N 31
N,(A) + O —> NO + N(D) (32)

where N,(A) and N(> D) are respectively molecules in the excited

electronic state
3t
A= E
u

and atoms in the excited electronic state >D. Because of energy
considerations, the N, (A) state concentration is assumed to be equal
to the concentration of the ground state

+(Z)

level v =25, as reported in Ref. 23.

The rate coefficients of processes (27)—(32) are reported in
Refs. 21-23.

Finally, in Egs. (24a) and (24b), the Prandtl and Schmidt numbers
have been approximated to the constant values of Pr=0.71 and
Sc=10.49.

The assumption of a constant Schmidt number for diffusion is a
simplification, which is however consistent with the simplified fluid
dynamics used in the present work. We are conscious that the sur-
face catalytic heating is controlled by the mass flux of atoms, which
in turn depends on the choice of a model for the mass transport. The
use of one-dimensional boundary layer equations, including mul-
ticomponent diffusion coefficients, could improve the final results,
avoiding the uncorrect assumption of constant Prandtl and Schmidt
numbers. This point is under study in our laboratory.
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C. Finite Rate Catalysis Boundary Conditions

At the edge of the boundary layer thermal and chemical equi-
librium is assumed; therefore, a single equilibrium temperature 7,
is introduced to describe translational and internal degrees of free-
dom. Vibrational level populations follow the Boltzmann distribu-
tion with temperature 7,. It is interesting that a boundary layer edge
vibrational temperature 7, ,;, not equal to 7, would lead to different
results.?*

The gas temperature near the surface is assumed to be equal to
the wall temperature 7,,. One should keep in mind that in the gen-
eral case, the temperature jump can influence the temperature dis-
tribution near catalytic surfaces. In the present study this effect is
neglected in order to avoid further model complications.

Other surface boundary conditions necessary for solving
Eqgs. (24), are the conditions for species derivatives, which take
into account surface processes described by Eqs. (16—19):

aC, v kT kT
G| 2, () Oy + D On - (330)
nl, Dxn 2wmy Dxn Y 2my
9 T
o | _ yw@) | kT Cx (33b)
m |, D ¥ 2mmy
aC, v kT kT
o| _ Xyroo®) o+ Lo Co (330)
o |, Doo 2wmo Doo  27mmo
9 T
Co,(W) | _ _yoow) | kT Co (33d)
am |, Doo Y 2mmo
5C kT kT
No| _ _ YoN Co— YNo .Cx  (33e)
an Doo V 27mo Dxn Y 27my

It should be noted that the recombination coefficients y for molec-
ular species calculated according to Eqs. (21-23) use the coefficients
k from the catalytic model in Refs. 14 and 28 (see also the Appendix).
These coefficients are indeed used in Eqgs. (33) by spreading them,?*
in analogy with a state-to-state molecular dynamics approach, into
the different vibrational levels. A better model could probably be
developed by more efficiently coupling the catalysis, described by
molecular dynamics methods, with the nonequilibrium vibrational
kinetics.

The diffusion coefficients Dyy and Doo are calculated in the
code on the basis of the modified Chapman—Enskog theory?®3! (see
Sec. ILE). In our previous study (see Refs. 19, 23-25 and 27) we
used constant values of diffusion coefficients for the definition of
surface recombination rates. Comparison of the heat flux in the
boundary layer calculated using correct diffusion coefficients with
the corresponding heat flux obtained in our previous work gives
differences up to 30%.

D. Numerical Method

Details of the numerical method, which is a finite difference one,
can be found in the literature.!2~23 Here we only discuss the main
modifications of the model.

It should be noted that the coordinate normal to the surface, 7, is
divided into 80 nodes, this choice being reasonable in light of the
x? test performed on the basis of the “grid convergence” numerical
experiments reported in Ref. 25. Note also that to discretize Egs. (24)
on this grid, central finite differences have been used.

The solution method is an iterative one, which also includes the
calculation of both the recombination coefficients y and the diffu-
sion coefficients D to be used in the boundary conditions (33).

At each iteration

1) The concentrations computed by the previous iteration are used
to evaluate the diffusion coefficients (see Sec. IL.E) to be inserted in
the boundary conditions (33)

2) The same concentrations are used to evaluate the nitrogen and
oxygen adatom concentrations [Eq. (15)]

3) The updated adatom concentrations are then used to calculate
the recombination coefficients y for all the molecular species [see
Egs. (23)]

4) The updated values of both diffusion coefficients D and re-
combination coefficients y are inserted into the finite-rate catalysis
boundary conditions [see Eqgs. (33)]

5) The equations system (24) is discretized and solved to update
the concentrations

6) The process is then repeated from 1 to 5 until the concentrations
converge.

The iterative process is described in Figs. la—1c for typical
reentry conditions characterized by the following parameters for
the edge of the boundary layer and for the surface: 7, = 7000 K,
P, =1000 N/m?, T,, = 1000 K (SiO, surface). In particular, Fig. 1a
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Fig. 1 Gas species population densities over the surface (a), adatom
densities (b), and recombination coefficients (c) for a SiO, surface.
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reports the Ny, N, O,, O, and NO population densities near the sur-
face, Fig. 1b gives the N* and O* densities, and Fig. 1c presents
the recombination coefficients of different heterogeneous processes
as functions of the iteration number. The results reported in the
figure show the mutual influence of the flowfield (represented by
the surface population densities) and the surface (represented by
the concentrations of N* and O* adatoms and the recombination
coefficients). To better understand the results, we recall that the ini-
tial conditions of our problem correspond to thermal and chemical
equilibrium along the initial temperature profile, which linearly de-
creases from 7, =7000 K to 7, = 1000 K. This means that at the
first iteration, only N, and O, molecules exist, while the concen-
tration of O* adatoms strongly exceeds that of N* due to the fact
that at 1000 K, a fraction of O, molecules are dissociated and can
therefore be chemiadsorbed by the surface. The change of the con-
sidered variables during the iterative process is due to the diffusion
of different species across the boundary layer. Of course, only the
values corresponding to the last iteration have a physical meaning
for the selected boundary conditions.

E. State-to-State Transport Model

For accurate evaluation of the heat flux to the surface, an ap-
propriate model of transport properties taking into account detailed
vibration—chemical kinetics both in the gas phase and on the sur-
face should be applied. A theoretical approach to the calculation of
state-to-state transport coefficients was developed in Refs. 26 and 31
on the basis of the modified Chapman—Enskog theory. This model
shows that the heat flux is determined in this case by the gradi-
ents of temperature, pressure, and all vibrational-level populations.
The following expression for the heat flux has been derived in the
state-to-state approach:

q = —A7rVT — pZ(Dchdcv)

c,v

5 . . :
+y (E"T + (6% Do + €5 + s)n Ve (34)

where Arg is the thermal conductivity coefficient of translational
and rotational degrees of freedom, D7, is the thermal diffusion
coefficient for each vibrational level v of chemical species c, n., is
the number density of molecules c at the vibrational level v, (7)o
is the mean rotational energy, ¢ and &¢ are the vibrational energy
of the level v and energy of formation of species ¢, and d,, are the
diffusion driving forces. In a flow along the stagnation line, when
the pressure is assumed to be constant across the boundary layer,
diffusion driving forces depend only on the gradients of vibrational
level populations:

d(‘v = V(ncu/n)

(n is the total mixture number density). The diffusion velocity for
each vibrational state v of species c is defined as

Vew = — Z(Dcvdwddw) — Do,V (T (35)

dw

D4, are the diffusion coefficients for each vibrational state and
chemical species. The total amount of diffusion coefficients is of
the order of N?(N = Nyt + Ny, where Ny, is the total number of
vibrational states in the mixture and N, is the number of atomic
species).

Following the procedure developed in Refs. 26 and 31, the trans-
port coefficients can be found as solutions of linear transport systems
and thus expressed in terms of the bracket integrals depending on the
cross sections of elastic collisions and the inelastic ones leading to
the change of rotational energy. Moreover, the transport coefficients
depend on the temperature, the number densities of species, and all
vibrational-level populations of molecular species. This fact causes
difficulties for the implementation of the state-to-state transport al-
gorithms in the computational fluid dynamics, because the dimen-
sion of transport linear systems is of the order of N. In Ref. 26, some

simplifications for the state-to-state transport coefficients were pro-
posed, allowing a significant reduction of the computational time
required for their calculation. However, the reduced transport linear
systems should be solved in each time and space step of a CFD
code. This fact still makes it difficult to implement the state-to-state
transport model directly to the numerical solvers.

In the present paper, to evaluate the transport properties, we use an
approximate approach proposed earlier in Refs. 32 and 33. First, the
flow parameters (vibrational level populations and gas temperature)
and their gradients are found as solutions of a simplified problem,
Eqs. (24a) and (24b). Then these quantities are used for the transport
coefficients, diffusion velocity, and heat flux calculation on the basis
of rigorous kinetic theory methods developed in Refs. 26 and 31.
This allows one to understand the influence of microscopic colli-
sional processes on the heat transfer and also estimate contributions
of various dissipative processes to the total energy flux. Indeed, the
total energy flux in the state-to-state approach can be represented as
a sum of several contributions:

q =qr + qup + 41> + gDVE (36)

where g is the heat flux caused only by thermal conductivity (the
Fourier flux),

qr = —ArrVT 37

gwmp and grp are the fluxes caused by mass and thermal diffusion,
and ¢gpvg is the flux due to diffusion of vibrational energy transferred
by excited molecules. The terms g, gump, and grp appear in all com-
monly used definitions of the total heat flux (both one-temperature
and multitemperature formulations) and depend on the gradients
of temperature, pressure, and chemical species molar fractions. The
last term, gpvE, is a characteristic feature of the state-to-state model;
itis determined by the gradients of the vibrational level populations.

Under specific flow conditions, there is a competition between
various processes. Thus, in shock-heated gases, the contributions of
mass diffusion and heat conduction have opposite signs, whereas in
a boundary layer, there is no competition between these processes.
The role of diffusion of vibrational energy can be important un-
der conditions of strong vibrational nonequilibrium, for instance,
near the surface, where the vibrational distributions are far from
the equilibrium ones.?* The influence of thermal diffusion on the
heat transfer is usually weak compared to the contributions of other
dissipative processes.

III. Results for SiO, and Metal Surfaces

Let us examine the results obtained for different surfaces.

Note that we have neglected NO Eley—Rideal recombination as
well as NO adsorption on the all surfaces due to the poor knowlege of
the corresponding rate coefficients in the case of Pt and Ni surfaces.

The relevant mass fractions along 1 are plotted in Figs. 2a—2e.
As expected, concentrations of N, and O, molecules increase from
the edge of the boundary layer to the surface, the reverse being true
for N and O atoms. The NO concentration profile shows nonmono-
tonic behavior because of the strong nonequilibrium character of
the N, vibrational distribution function, which is responsible for the
formation of NO through the gas phase reaction (31). In any case,
the metal surfaces show higher catalyticity than the SiO, surface.
The mass fractions depend on the considered material: the higher-
molecular-mass fractions correspond to metal surfaces, the higher-
atomic-mass fractions to the SiO, surface. This trend is exactly the
one we would expect; however, it is slightly different from the trend
obtained in Fig. 1 of Ref. 25. This difference is due to 1) the state-
to-state surface recombination model adopted here, 2) the diffusion
coefficients Dyn and Dgo in Egs. (33), which are calculated now
in the code itself (and no longer included as fixed parameters), and
3) surface processes considered in the present study and in Ref. 25
(NO chemisorption as well as NO Eley—Rideal recombination has
been neglected here).

The vibrational distributions of N, and O, on different selected
surfaces are given in Figs. 3a and 3b. Heterogeneous reactions ac-
tively pump vibrational energy into the molecular species formed at
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the surface. Correspondingly, vibrational distributions at the surface
show a strong non-Boltzmann character. The Pt and Ni surfaces pro-
duce the highest pumped vibrational distributions near the surface
because of the higher recombination rate.

The dependence of the mass fractions and of the vibrational dis-
tributions near the surface (H = 0) on the different materials follows
the catalyticity trend reported in Table 1 for the corresponding re-
combination coefficients.

Let us now consider the temperature gradients (Fig. 4), which
play an important role in the Fourier heat flux calculation. Close
to the wall (n < 0.5), metal surfaces provide a temperature gradient
slightly stronger than that obtained for the SiO, surface. With in-
creasing distance from the surface (n > 0.5), an inverse dependence
has been obtained.

Now let us discuss the influence of surface material and kinetic
surface processes on the transport properties. Thermal diffusion
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Table 1 Adatom densities and recombination coefficients on different surfaces obtained by neglecting the
NO Eley-Rideal recombination and the NO adsorption

Surface material N* O* Y00 YNO YON
SiO, 9.1x107 3.0x10'8 3.7x1073 1.2x1072 0 0
(1.1x10'%)  (23x10'8)  (43x1073)  (94x1073)  (63x1073)  (8.5%x1073)
Pt 4.1x10'® 1.2x10'8 1.6x1072 1.4 x 1072 7.1x10715 1.4 x 10714
Ni 2.3 x 1017 1.3 x 10'8 1.7 x 1072 2.3 x 1072 1.7x107%  39x1074

Note: T, =7000 K, P, = 1000 N/m?, T,, = 1000 K; initial mixture composed 79.99975% of nitrogen, 20% of oxygen, 0.00025%
of NO. In parentheses are the values obtained using the full heterogeneous recombination model.
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coefficients (Fig. 5), diffusion coefficients (Figs. 6 and 7), ther-
mal conductivity coefficient (Fig. 8a), shear viscosity coefficient
(Fig. 8b), Fourier heat flux (Fig. 9a), and total heat flux (Fig. 9b)
have been calculated on the basis of the model described in Sec. ILE.
Relevant results are plotted in the indicated figures as functions of 7.

The thermal diffusion coefficients corresponding to the SiO, sur-
face are given in Fig. 5. One can see that thermal diffusion coef-
ficients of O,, N, O, and NO are positive, whereas for molecular
nitrogen the coefficient is negative because®*

ZC,-DT,. =0

Moreover, its absolute value is noticeably higher, especially ap-
proaching the external edge of the boundary layer. The influence of
the surface material on the thermal diffusion coefficients is found
to be weak (except the coefficient Dyy; in this case a maximum
difference of about 10-30% has been obtained). For all coefficients,
the SiO, surface provides slightly lower values than the metallic
surfaces. This is due to the fact that the temperature calculated for
the SiO, surface is lower than for other surfaces.
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Fig. 6 N (a) and O; (b) first and last vibrational level self-diffusion
coefficients along 7 for a SiO; surface.

The self-diffusion coefficients of selected vibrational states and
chemical species are given in Figs. 6 and 7. Because the depen-
dence of self-diffusion coefficients on the corresponding species
molar fraction is close to inverse proportionality, the variation of
the coefficients can be rather high. Thus, the diffusion coefficients
of the first and last vibrational levels differ by several orders of mag-
nitude (Fig. 6), according to the shape of the vibrational distributions
(Fig. 3). The surface material noticeably influences the diffusion co-
efficients of N and NO; this is probably caused by different rates
of NO formation at various surfaces. Indeed, the concentration of
0, and O is weakly affected by the surface material, whereas the
mass fractions of NO and N strongly depend on the surface nature
(see Fig. 2).

The trend of thermal conductivity and shear viscosity coeffi-
cients (Fig. 8) is the same as the trend of thermal diffusion co-
efficients. We can conclude that higher recombination rates at metal
surfaces cause higher thermal diffusion, thermal conductivity, and
shear viscosity coefficients, although the difference is not very
strong.

The Fourier flux and the total heat flux are reported in Figs. 9a
and 9b. It is seen that the Fourier heat flux follows the temperature
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gradient and the thermal conductivity coefficient trend, being pro-
portional to their product [Eq. (37)]. The total heat flux includes both
the Fourier heat flux and several diffusion terms [Eq. (36)], whereas
the influence of the surface on the heat conduction is found to be
weak, diffusion processes are strongly determined by the material
catalytic properties. This is the reason for a considerable discrep-
ancy between the total heat fluxes calculated near SiO, and metal
surfaces. It is interesting to emphasize that the heat flux obtained
at the SiO, surface is about 40—45% lower than the heat flux at
the metal surfaces. Therefore, using SiO, surfaces provides lower
thermal loads, which is important for reentry problems.
Contributions of various dissipative processes to the total heat flux
are presented in Fig. 10. One can see that the values of the thermal
diffusion flux (TD) and the flux due to vibrational energy diffusion
(DVE) are approximately the same, although having opposite signs.
Therefore, under conditions considered in the present study, these
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two processes practically compensate for each other, and the main
role in the heat transfer belongs to heat conduction and mass dif-
fusion. The contribution of heat conduction is higher close to the
wall, and decreases rapidly with distance from the surface. The role
of mass diffusion is important in the whole region considered due
to intensive reactive processes along the stagnation line. Thus, at
n > 1, the total heat flux is determined mainly by the mass diffusion
process.

It should be noted that the heat flux depends also on the inter-
play of numerous microscopic collision processes occurring in the
gas phase and in the gas—surface interaction. The influence of V'V,
VT vibrational energy exchanges, surface and gas phase recom-
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Fig. 12 N, (a) surface (n=0) vibrational distributions vs vibrational
level v and heat flux (b) vs 7} at different P,, same conditions as the other
figures for 7., T, 3.

bination, dissociation, and deactivation on the surface on the heat
transfer was estimated in Refs. 27, 32, and 33. In the present paper,
we study the effect of NO surface kinetics on the heat transfer. Be-
cause in the case of a SiO, surface we have a better knowledge of
NO Eley-Rideal recombination and NO adsorption, we can compare
the heat flux (Fourier and total) calculated inserting and neglecting
these processes to the kinetics scheme. This comparison is reported
in Figs. 11a and 11b. Inspection of this figure shows considerable
difference in the results of two calculations, thus indicating the im-
portance of including complete gas—surface interaction kinetics for
the estimation of the heat flux. A similar difference is expected for
the other surfaces.

The results thus far presented refer to typical reentry conditions.
Calculations for SiO, obtained by changing the pressure in the
boundary layer are reported in Figs. 12a and 12b. In particular,
Fig. 12a reports the vibrational distributions of nitrogen near the
surface, whereas Fig. 12b reports the heat flux in the boundary layer.
We can see that the plateau in the nitrogen distribution disappears
at high pressure because of the thermalization of the distributions
by vT processes. On the other hand, the heat flux strongly increases
on passing from 100 to 1000 N/m?, having smaller consequences
above 1000 N/m?.

Validation of the present results suffers from the lack of dedicated
experiments, which at the same time measure the nonequilibrium
vibrational distributions and heat flux at the proper parameters in the
boundary layer. A study is now in progress to compare the heat fluxes
with the experimental ones at the stagnation point, even though we
are aware that the heat flux values are in general not very sensitive
to the details of the chemical—-physical model.

IV. Conclusions

We have developed in the present paper a more realistic bound-
ary layer model that simultaneously calculates the flowfield and the
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surface recombination coefficients for hypersonic flows. The model
represents a good solution to the problem of the mutual influence
of the gas composition close to the surface and the surface recom-
bination coefficients themselves.

The results emphasize the role of the catalyticity of different
materials in the chemistry in the boundary layer of a reentering body.
Metal surfaces show higher catalyticity and a larger effect on the
boundary layer chemistry. Nonequilibrium vibrational distribution
functions near the surface are observed as a result of both gas-phase
and surface recombination. These distributions lead to generation of
a nonmonotonic profile of the NO mass density along the boundary
layer.

The surface catalyticity also influences the gas-phase transport
properties, such as diffusion, thermal diffusion, thermal conductiv-
ity, shear viscosity coefficients, and Fourier and the total heat flux.

Appendix

The rate constant of each elementary kinetic process (1)—(14) can
be expressed in the classical Arrenhius form'*?8

k,‘ = Bi * eiEi/RT

where the preexponential B; is the frequency factor and E; is the
activation energy of the ith process. Actually the rate constant as-
sumes different forms depending on the preexponential factors and
on what is possible to neglect. In the following the rates constants
of processes (1)—(14) have been reported:

Processes (1, 2):

kT 1

Ki=s
=0 N Dma IS0

with, if A=N, O on a Cu, Pt, Ni surface, s, = SUA, for T < Ty, and
sa=Soa X ePAT=ToA) for T >= Ty,.
Processes (3, 4, 5),

k, T 1
X
2rmy - [Sol?

A —
Kipam = Sa X

On an SiO; surface, sp = Py x e~ Eaa/0T: on a Cu, Pt, Ni surface,
sa = Soa for T < Tya, sa = Soa x eAAT =Toa) for T >=Ty,, with
A =N,, O,, NO.
k, T 1
X x —
2mwmp [So]

Processes (6, 7, 8, 9):

AB __ _,/
Ker = Van

. . _OAB

on an SiO, surface, with y), = PAP x e % /%7
k, T 1

kéRB = Py-a X b X =3

ZJTmA [So]

on a Cu, Pt, Ni surface, with Pyag =&,ap for T < Toap and
POrAB = O_erB X e(iﬂ’AB(Ti ToraB)) for T >= TOrAB with A= N, O,
B=N,O.

Processes (10, 11, 12):

e = L(Ca [mheT  Co [TRT ) o L
2\ AV 2my AN 2mp [So]

on an SiO; surface, with OB = Qua + Q. — Eag,

1 ﬂka ﬂka
kAB =_|d d —E4/RT
i z(A 2mn Y 2mg ) €
on a Cu, Pt, Ni surface, with Es = Ex_m+ Eg—m — Ea—3), with
A=N,0,B=N,0,
Processes (13, 14): on a SiO, surface,
k, T
h

A _ —Qan/kpT
kg = X e~

on a Cu, Pt, Ni surface,
k, T

kt/; = T X €_E5/RT
with E5 = EA*M and with A = N, 0.

In all of these formula, Ex_n = 945 KJ/mol, Eq_o =498 KJ/mol,
Exo = 625.1 KJ/mol, dy =70 x 1072 m, do = 66 x 10~ m. The
values of the other parameters appearing in this rate constants,

Table A1 Coefficients to calculate the
rate constants on SiO;

Coefficients SiO,

SN 0.015

SO 0.05

Px, a

Po, a

Prno 2

EaNZ a

EaOz 2

Eano 2

PN 0.1

PR 0.1

PIO 0.1

PN 0.1

RN 20 KJ/mol
oo 20 KJ/mol
N0 20 KJ/mol
oo 20 KJ/mol
E,.N 82.2 KJ/mol
Eno 159.1 KJ/mol
CN 0.0

co 0.0

A 50x10"m
QuN 530.8 KJ/mol
Qa0 499.8 KJ/mol

2Chemisorption of N, O, and NO, on SiO; can be
neglected.

Table A2 Coefficients to calculate the rate constants
on metal surfaces

Coefficients Pt Cu Ni
SoN 0.55 0.55 0.45
Soo 0.45 0.8 0.6
BN 0.0002 0.00025 0.0005
Bo 0.0001 0.00045 0.0005
Ty~ 400 300 500
Tso 400 300 500
SONZ a a a
800, 0.2 0.4 0.3
SONO a a a
TV)NZ a a a
Tyo, 400 300 500
Tyno N N a
ﬂNz a a a
Bo, 0.0005 0.0006 0.0005
Pro : : .
/NN 0.23 0.2 0.057
00 0.0055 0.085 0.01
arNO 0.23 0.2 0.057
&rON 0.0055 0.085 0.01
TyrNN 400 300 500
Tyr00 400 300 500
TyrNo 400 300 500
Tyron 400 300 500
BraN 0.0001 0.0001 0.000095
Broo 0.0005 0.0002 0.0007
BrNo 0.0001 0.0001 0.000095
Bron 0.0005 0.0002 0.0007
EmN ? ? ?
Eo ? ? ?
En-Mm 605 KJ/mol 560 KJ/mol 602.5 KJ/mol
Eo-m 344 KJ/mol 309 KJ/mol 354 KJ/mol

Note: 7 = data missing.
2 Assumption: N, and NO cannot be chemisorbed by Cu, Pt, or Ni.
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for the different surface materials here considered, are reported in
Tables Al and A2.
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