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Introduction

A state-to-state vibrational model describing molecules at dif-
ferent vibrational levels as different species has recently been

developed to investigate the interaction of dissociating oxygen1 and
air2 on SiO2 in the boundary layer of an hypersonic vehicle.

State-selected rates of recombination of atomic species on SiO2

surfaces into vibrationally excited molecules in the gas phase were
obtained either by a molecular dynamic approach, in the case of
oxygen, or by a phenomenological3,4 one, in the case of air.

The phenomenological approach, however, disregarded all of the
couplings between the different heterogeneous reactions occurring
on the surface3,5 and in particular their dependence on surface ma-
terial, chemical species, and temperature.

This information will be included in our state-to-state model1,2

and applied to metallic surfaces to investigate the effect of the cat-
alyticity of different materials on concentrations and vibrational
distributions of molecules in the boundary layers of reentry bodies.

Physical Model
The heterogeneous dissociation–recombination reactions in-

cluded in the present model are2

N + N∗ γNN−→ N2(v) + ∗ (1)
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O + O∗ γOO−→ O2(v) + ∗ (2)

O + N∗ γON−→ NO + ∗ (3)

N + O∗ γNO−→ NO + ∗ (4)

and the corresponding recombination coefficients γAB have been
obtained in Refs. 3 and 4. Here * is the active adsorption site and
N∗ and O∗ are the ad-atoms.

These processes, together with those occurring in the gas phase,2

have been inserted into the boundary-layer equations2,6

C ′′
v + f · Sc · C ′

v = Sv (5a)

�′′ + f · Pr · �′ = ST (5b)

Here Cv = ρv/ρ, v is the species index, � = T/Te, e is the boundary
layer external edge index, f is the stream function, and Sv and ST

are the source terms of the continuity equations and of the energy
equation, respectively. The derivatives are taken with respect to the
coordinate normal to the surface, η. The Prandtl and Schmidt num-
bers have been considered constant: Pr = 0.71, Sc = 0.49. Better
results could be obtained by using one-dimensional boundary-layer
equations including multicomponent diffusion coefficients.

Rate coefficients for the kinetic processes in both heterogeneous
and homogeneous phases can be found in Refs. 2 and 7. The selected
rates can be considered a judicious choice of the data existing in the
literature: the accuracy for high-lying vibrational levels should be
estimated to an order of magnitude, emphasizing the qualitative
nature of the present results.

The surface processes described by Eqs. (1–4) enter into Eqs. (5)
as boundary conditions for the derivative of each species2:
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It should be noted that according to the phenomenological ap-
proach of Ref. 2, heterogeneous recombination pumps vibrational
energy to the tops of the vibrational ladders of N2 and O2.

The boundary conditions are completed by two constant tempera-
tures, Te and Tw , at the edge of the boundary layer and at the body sur-
face, respectively. Boltzmann vibrational distributions and chemical
equilibrium are generally assumed at the edge of the boundary layer.

Numerical Method
Equations (5a) and (5b) are solved using an iterative approach

along the self-similar6,7 coordinate η.
310
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The distance along the η coordinate is divided into 80 points
and the equations are discretized using central differences. The grid
convergence has been tested by running the code for particular con-
ditions (Te = 7000 K, Pe = 1000 N/m2, Tw = 1000 K, SiO2 surface)
on three different grids (80, 160, and 320 points). The Richardson
extrapolation obtained from these three sets of results has been used
to verify the χ 2 test:

χ2 =
n∑

i = 1

(Oi − REi )
2

REi

where n is the number of points considered, REi represents the
Richardson extrapolation value on point i , and Oi is the value

a)

b)

c)

d)

e)

Fig. 1 Mass fractions along η for different surfaces: a) N2, b) O2, c) N, d) O, and e) NO.

calculated at point i . This test gives the accuracy of the whole distri-
butions of the different quantities [N2(v), O2(v), N2, N, O2, O, NO,
T ]. The χ 2 values are in all cases much less than n, thus indicating
that our choice of 80 points gives a good approximation to the distri-
butions. As an example, for SiO2, the χ2 values for the species N2,
N, O2, O, and NO are, respectively, 1.5, 0.6, 0.3, 0.8, and 1.1 × 10−2.

The improvements implemented in the code concern the chemical
species boundary conditions [Eqs. (6)]. In particular, the recombina-
tion coefficients γ are updated at each iteration during the solution
procedure.

The update process works according to the following steps: 1) at
iteration n the up-to-date concentrations are used to evaluate the
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nitrogen and oxygen ad-atom concentrations; 2) the updated ad-
atom concentrations are then used to calculate the recombination
coefficients γ for all of the molecular species; 3) the updated val-
ues of recombination coefficients γ are inserted into the finite rate
catalysis boundary conditions [see Eqs. (6)]; 4) solution step n + 1
is then performed and the new concentrations are calculated; and
5) the process is repeated until the relative differences of the mass
fractions of two consecutive iterations do not exceed 10−4.

The differences between the present results and those of Ref. 2
for a SiO2 surface do not exceed a factor of 2.

Results
We present results for SiO2 and for Pt, Cu, and Ni metallic sur-

faces for the same conditions discussed in our previous works,1,2 i.e.,
Te = 7000 K, Pe = 1000 N/m2, and Tw = 1000 K. The vibrational
distribution and the chemical composition at the edge of the bound-
ary layer are calculated at Te by considering thermal equilibrium.

Figures 1a–1e illustrate the behavior of the different species mass
fractions as functions of η.

In particular, Figs. 1a and 1b show the N2 and O2 mass fractions.
The molecular-species mass fractions do not appreciably depend
on the selected material, which on the contrary affects the atomic-
species mass fractions (Figs. 1c and 1d). Cu is the most active cata-
lyst, producing almost complete consumption of the atomic species
on the surface (η = 0). The atomic-oxygen mass fractions reflect the
magnitude of the catalytic activities, whereas the atomic-nitrogen
mass fractions shown in Fig. 1c indicate that the consumption of this

a)

b)

Fig. 2 Wall (η = 0) vibrational distributions vs the vibrational level v
for different surfaces: a) N2 and b) O2.

species is larger for SiO2 than for Pt and Ni. This result is due to the
neglect of NO formation on metallic surfaces. On the other hand,
the catalytic formation of NO on SiO2 indirectly increases the N-
atom heterogeneous-reaction coefficients with respect to a surface
on which N atoms can react to form only N2. For the metal-surface
model, this fact represents, at the moment, a limitation that can be
removed once a more suitable set of data are available, and we be-
lieve that this could affect the final results. An estimate of this effect
can be obtained by eliminating the NO recombination process on
a SiO2 surface. Comparison of the different quantities calculated,
including or omitting the process, shows differences up to a factor
of 2.

Finally, the NO mass fractions shown in Fig. 1e feature non-
negligible variations according to the material selected and to the
assumptions about the NO catalytic formation.

Figures 2a and 2b illustrate the vibrational distributions of N2

(Fig. 2a) and O2 (Fig. 2b) on SiO2 and metallic surfaces. An order-of-
magnitude increase of the vibrational distribution near the metallic
surfaces is evident when compared with the results corresponding
to SiO2 (see Figs. 2a and 2b). The peaks on the last vibrational
level are due to the chosen surface-recombination model, which
considers the recombination occurring on the last vibrational level
of the molecule (both N2 and O2).

The results reported so far have been obtained by assuming ther-
mal equilibrium at the edge of the boundary layer. However, com-
plete equilibration of translational and vibrational temperature and
chemistry at Te depend on the reentry conditions. We can define
for a given translational temperature Te different vibrational tem-
peratures at the edge of the boundary layer (Te,vib) and different
chemical equilibrium at Te,vib. To study the effect of the different
temperatures at the boundary-layer edge we have run our code pa-
rameterizing Te and Te,vib. The results for the vibrational distribu-
tions of N2 and O2 near to the surface show the persistence of the
plateau for molecular oxygen for all examined Te,vib even though at
low Te,vib (Te,vib ≤ 2000 K) the plateau is limited to high-lying levels.
The situation for nitrogen is more complex due to the formation of
NO from N2 and oxygen atoms. Clear evidence of the N2 plateau
occurs in this case for Te,vib > 6000 K.

Conclusions
Heterogeneous catalytic-recombination coefficients depending

on the local flow conditions, i.e., temperature and chemical-species
partial pressures, have been implemented into a one-dimensional
boundary-layer code that includes state-to-state vibrational
kinetics.

The model has been applied to different metallic surfaces and
produces large differences in the mass fractions and vibrational dis-
tributions, depending on the material selected. Cu surfaces present
the largest effects.

In conclusion, the most important point of the present calculations
is the clear evidence of the existence of nonequilibrium vibrational
distributions near ceramic and metallic surfaces.
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Introduction

T HE International Space Station (ISS) is a large and complex
spacecraft. The solar panels and thermal radiators are rotated

dynamically to maintain a preferential orientation with respect to
the sun. The space station Ku-band antenna tracks the geostation-
ary Tracking Data and Relay Satellite (TDRS) and will encounter
blockage from the space station structures, especially the solar pan-
els and the thermal radiators, as shown in Fig. 1. These blockages
may cause communication outages and reduce communication qual-
ity. An understanding of blockage effects is necessary for predic-
tion of communication coverage. The ISS Ku-band antenna is a
2-m-diam reflector antenna. The antenna’s operating frequencies
are 15.0034 GHz for transmitting and 13.775 GHz for receiving.
The previous ISS Ku-band antenna model for communication cov-
erage analysis is very conservative.1 This conservative approach is
based on International Space Station/Shuttle reflector antenna test
data. Additional computer simulation and test results indicate that
in the near field, the energy radiated by the reflector antenna is
mostly confined within the antenna aperture projected cylinder.2

The Ku-band communication link was assumed to be lost if the
2-m-aperture projected cylinder was blocked by any ISS structures.
If the antenna’s aperture projected cylinder is clear of any structure
blockage, the multipath degradation from ISS structures is insignif-
icant. The communication link will not be subject to much impact
from the ISS structure multipath effects.

Recently obtained uplink flight data indicate that the 2-m-diam
cylinder model is too conservative.1 Flight data indicate that the Ku-
band antenna can track the TDRS satellite with partial solar panel or
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thermal radiator blockage. The data indicate that the ISS Ku-band
link can sustain 4.6 dB signal-power-level degradation (relative to
the signal power without structure blockage at maximum slant range
to TDRS) before the software controller forces the communication
link to drop. As a result of the 4.6-dB available margin, partial block-
age to the ISS Ku-band reflector antenna should be allowed in the
Ku-band communication coverage analysis to better reflect the ac-
tual communication link margin and coverage performance. The
following simulation and analysis were performed to improve the
previously used conservative approach to better predict the actual
communication performance.

Signal Strength Computations
In the communication system performance simulations, the ISS

Ku-band reflector antenna is modeled by a set of equivalent dipoles.
The reflector antenna aperture fields are computed and then con-
verted to a set of equivalent dipoles. The equivalent dipoles are used
as the equivalent radiation sources of the ISS Ku-band reflector
antenna. The solar panels and thermal radiators are modeled as per-
fect conducting plates. The solar array panel is a composite structure
formed by closely spaced solar cells. The solar cells are made of
silicon and are welded onto the front surface of the solar array panel.
A grid of copper strips that collect current is on the back side of the
solar array panel. To characterize the scattering properties of the
solar array panels, experimental investigations were performed at
Ku-band frequencies. Based on the results obtained, the solar array
panels exhibit scattering properties similar to those of a conducting
panel of the same size.1 The solar array panels were modeled ap-
proximately using perfect reflecting plates at Ku-band frequencies.

Fig. 1 Ku-band antenna will encounter solar panel and thermal radi-
ator blockage.

Fig. 2 Computed signal strength compared with flight data along a
selected TDRS satellite path with solar panel blockage.


