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Study of Quartz Surface Catalycity in Dissociated
Carbon Dioxide Subsonic Flows

Anatoly F. Kolesnikov,*Ivan S. Pershin,” Sergey A. Vasil’evskii,* and Mikhail I. Yakushin®
Russian Academy of Sciences, 117526, Moscow, Russia

The stagnation point heat transfer from subsonic dissociated carbon dioxide flows to quartz and cooled metallic
surfaces has been measured by calorimetry and studied numerically. The aerothermal tests were performed us-
ing the 100-kW IPG-4 inductive plasmatron at 10* Pa pressure in the enthalpy range 14.4-38.5 MJ/kg. The nu-
merical simulation included the computations of the carbon dioxide inductively coupled plasma torch, of the
subsonic reacting flows around a cylindrical model, and in a nonequilibrium boundary layer. The model of catal-
ysis based on the Eley-Rideal mechanism, in which adsorption of oxygen atoms predominates over other species
adsorption, is proved to be sufficient to explain the heat transfer data. Silver is found to be the best catalyst and
molybdenum a poor one. The efficiencies of the catalytic recombinationreactions O + O — 0, and CO + O — CO;
on quartz and silica-based thermal protection surface have been determined and combined in the surface tempera-
ture range 390-1670 K by comparing the experimental and numerical heat transfer data. The catalytic efficiencies
of quartz- and silica-based surfaces in dissociated carbon dioxide appeared to be quite similar to the ones obtained
in dissociated pure oxygen. The maximum of an average catalytic efficiency for both reactions on silica has been
revealed at the surface temperature 1470 K (v, = 6 X 10~3). Adsorption and desorption of oxygen atoms play the
key roles in catalysis on silica-based surfaces in dissociated carbon dioxide flows. For the prediction of the aero-
heating silica-based thermal-protection surfaces during entry into the Martian atmosphere, an approximation of
the catalytic efficiency as a function of surface temperature in the range 390-1670 K is given.

Nomenclature

thickness of the heat reception wall of a quartz
calorimeter, mm

= mass fraction

diameter of the plasmatron discharge channel, mm
frequency of rf generator, MHz

dimensionless stream function

mass flow rate through discharge channel, g/s

gas enthalpy, MJ/kg

dimensionless mass diffusion flux

mass diffusion flux, kg/(m? s)
catalyticrecombinationrate constant, m/s
Boltzmann constant

Mach number

dimensionless molecular weight of the gas mixture
molecular weight of species i, kg

anode power of the rf generator, kKW

power input in plasma, kW

Prandtl number

pressure, Pa

stagnation point heat flux, W/cm?

heat loss density measured by water-cooled calorimeter,
W/cm?

Re = Reynolds number

R, = modelradius, m

normal cylindrical coordinate related to the model
surface, m

site for the surface-adheredatom
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Sc = Schmidt number

T = temperature,K

U = longitudinal velocity component in the cylindrical
coordinate system, m/s

u = dimensionless velocity gradient

V- = flow velocity along central line, m/s

y® = longitudinal cylindrical coordinate related to the model
surface, m

a = dimensionlessexternal flow vorticity

¥ = surface catalytic efficiency

A = dimensionlessboundary-layerthickness

o = boundary-layerthickness, m

gn = surface total hemispherical emissivity

g, = quartz spectral emissivity

n = dimensionless boundary-layervariable

4 = viscosity, N-s/m’

p = density, kg/m?

o = Stefan-Boltzmann constant

tyr = Landau-Teller relaxation time, s

¢ = angleof flow swirling

Subscripts

e = boundary-layerouter edge

i = mixture species i

s = freestream conditionsin plasmatron jet

w = wall

Introduction

URFACE catalysis affects essentially the vehicle surface heat-
ing during a hypersonic entry into the Martian rarefied atmo-
sphere.!™* At the trajectory peak-heating points, according to cal-
culations of Refs. 1-4, the stagnation point heat fluxes to the Mars
Pathfinderaeroshell, MARSNET, and Mars probe shields are almost
three times greater in the case of a fully catalytic surface in respect
to reactions CO + O— CO, and O + O— O, than in the noncat-
alytic heating case. Therefore, the search and application of the low
catalytic thermal-protectionmaterials (TPM) for the Mars missions
look quite promising and profitable in the scope of decreasing mass
of the thermal-protectionsystem (TPS).
When this study was initiated, there existed some previousdataon
the catalytic recombination of oxygen on silica-based materials®~’
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in contrast to lack of any data on the catalytic recombination of
carbon monoxide on silica at high temperatures. The present paper
deals with heat transfer in dissociated carbon dioxide mixture and
with numerical rebuilding joint contribution of the two mentioned
catalytic reactions to surface heating, though without actual sharing
between O-atom recombination to form O, and CO + O recombi-
nation to form CO,.

The first known heat transfer tests with high-enthalpy carbon
dioxide gas flows were conducted using the 100-kW IPG-4 induc-
tive plasmatron at the stagnation pressure 10* Pa in the enthalpy
range 11.4-38.5 MJ/kg (Refs. 8 and 9). In subsonic dissociated un-
polluted carbon dioxide gas flows the stagnation point heat flux to
a 50-mm-diam cylindrical model with a flat face (so-called euro-
model) covered with a black glassy Si-based coating, used long
before for the Buran thermal-protectiontile, decreased a factor two
in comparison with a calculated heat flux to a fully catalytic surface.
The first data for the catalytic efficiencies of the heterogeneousre-
actions CO + O— CO; and O + O — O, on the Buran tile coating
(T,, =1470-1670 K), on two coatings of the carbon-carbon TPM
(T,, =1420-1840K), and on the quartz surface (7,, =390-1470K)
were extracted by means of comparing the measured and calculated
stagnation point heat transfer rates 3

The objectives of this work are the further development of the
method to predict catalycity of the thermal-protection surfaces for
the Martian entry heating conditions and the determination of the
average catalytic efficiency of quartz related to catalytic reactions
O+ O— 0O, and CO + O— CO, at high surface temperatures. The
logic of the surface catalycity determination is based on the contri-
bution of catalytic recombination of O atoms and CO molecules
in surface heating, which can be extracted numerically from the
measured stagnation point heat flux. In general, the methodology
to determine catalytic properties of the Buran TPM related to the
atomic nitrogen and oxygen recombinationin subsonic aerothermal
tests was developed in the 1980s.!%!! There were two main reasons
to choose quartz for the present research. First, quartz catalycity in
respectto N and O-atoms recombinationis close to the catalycity of
the Si-based materials used for the space shuttle’~” and Buran.!*!!
Second, quartz differs from other materials by the high stability of
surface properties in oxidizing environment and can be used as a
reference material.

In this paper, the data on the average efficiency of catalytic reac-
tions O + O — O, and CO + O— CO; on the quartz surface in the
wide temperature range T, =470-1470 K at the pressure 10* Pa
are obtained and combined with data of Ref. 8. The pressure was
specified as an intermediate one between stagnation pressures at the
peak-heatingpoints of the Mars Pathfinder’ and Mars Probe!? entry
trajectories. Our comparative study of the catalytic heating in high-
enthalpy subsonic pure oxygen and carbon dioxide flows has con-
firmed thatan average catalyticefficiency forreactionsO + O — O,
and CO + O — CO, on quartz surface can be used.'* The present
paper reports that catalytic efficiencies of silica-based surfaces in
dissociated carbon dioxide are similar to previous results®’ for the
catalyticrecombinationof atomic oxygen. An experimental investi-
gation of the relative importance of these reactions on quartz in the
temperature range 292-623 K has been performed recently using
a diffusion tube side-arm reactor together with two-photon laser-
induced fluorescence for both O and CO species detection.!* Our
results are confirmed by the finding in Ref. 14 that O-atom recom-
binationis the dominant surface reaction on quartz in mixtures of O
and CO. An analysis of Ref. 15 based on the present data has pre-
dicted a factor two for the reduction of the maximum fully catalytic
heating the Mars Probe surface if a silica-based material is applied.

Philosophy of the Method

The general philosophy of the TPM catalycity prediction on the
basis of subsonic aerothermal tests developed in Refs. 8-11 con-
sists of the tight connection of the TPM catalycity determination
with quantitative heat transfer simulation for the atmospheric entry
conditions. In fact, the method reveals a correct way to extrapolate
from ground test to flight based on the concept of a local simula-
tion of the stagnation point heat transfer.'":!>1¢ The methodology
includesthe following essential parts: 1) performanceand optimiza-

tion of the subsonic high-enthalpy test with different gases (carbon
dioxide, oxygen, nitrogen, air), 2) steady-state heat transfer tests in
the stagnation point configuration, 3) characterization of the plas-
mas and reacting gas flows, 4) demonstrationof the catalysisheating
effects,5) search and applicationof materials with standard catalytic
properties,6) computational fluid dynamics (CFD) modeling induc-
tively coupled plasma torches and reacting gas flows around a model
for test conditions, 7) numerical rebuilding the freestream enthalpy
and flowfield around a model, 8) model of the surface catalysis, 9)
numerical design of the heat flux charts for test conditions and an
analysis of the heat transfer data, 10) extrapolationfrom ground test
to atmospheric entry conditions, and 11) analysis of uncertainties.
All of these indispensable parts of the methodology are considered
or at least touched on in the present paper.

Subsonic Tests

The aerothermal tests were performed using the 100-kW IPG-4
inductive plasmatron®®!7 located at the Institute for Problems in
Mechanics of the Russian Academy of Sciences. The exceptional
purity of high-enthalpy gas flows, excellent reproducibility and
high stability of freestream conditions, and long duration of plas-
matron operation are provided by means of the inductive heating.
The main plasmatron parameters are as follows: N,, =20-75 kW,
F =1.76 MHz, D =80 mm, and G =1.5-3 g/s. The remarkable
aerothermal capabilities of the IPG-4 plasmatron for the duplica-
tion of the stagnation point heat flux to the Mars Probe vehicle have
been analyzed and validated in Refs. 15 and 18.

For the purpose of the presentresearch, the stable subsonic flows
of dissociated carbon dioxide gas were produced at the static pres-
sure 10* Paand G = 1.8 g/s in the enthalpy range 14.4-38.5 MJ/kg.
The specified pressure was chosen between the stagnationpressures
for the Mars Pathfinder aeroshell (1.35 X 10* Pa) (Ref. 2) and the
Mars Probe shield (7 X 103 Pa) (Ref. 12) at the trajectory peak-
heating points. In fact, the realized enthalpy range was much wider
then the total enthalpy ranges for the Mars Pathfinder and Mars
Probe entry trajectories.

The 50-mm-diam water-cooledcoppermodel (Fig. 1) was used in
the experimental study of the stagnation point heat transfer to silver,
copper, molybdenum, and quartz surfaces. The distance between
the model and the discharge channel exit section was 60 mm. In the
stagnation point configuration, the following optimum subsonic test
conditions were realized: 1) axially symmetric flow past a model,
2) flow perturbations induced by the model not reaching the dis-
charge channel, 3) high stability of the freestream conditions, 4)
uniform heat loading on the heat probe (calorimeter) surface, and
5) good reproducibility of stagnation point heat transfer.

The variation of the freestream conditions and stationary heat
transfer to the model surface at constant pressure and gas flow rate
were providedby the control of the anode power N, suppliedto the
inductor. With N,, increasing, the power input in plasma increases,
as well as flow enthalpy, velocity, stagnation point heat flux, and
quartz surface temperature.

For the stagnation point heat flux measurements, the water flow
steady-statecalorimetersmade of coppermonolith, monocrystalline
molybdenum, and quartzof high chemical purity were appliedalong
with the calorimeter with silver front face. The heat reception sur-
faces of the calorimeters were polished. To vary quartz surface tem-
peratureataselected plasmatronoperatingregime, the quartz probes

calorimeter

copper body

250 mm

Fig. 1 Test model schematic.
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Fig. 2 Heat loss densi-
ties into quartz calorime-
ters vs anode power.

Fig. 3 Stagnation point
heat fluxes to quartz
calorimeters vs surface
temperature.

with the differentthicknessof the heatreceptionwall b = 0.63,1.43,
and 2.26 mm were used.

The water temperaturein the calorimeter was measured with ther-
mocouples with accuracy 0.1°C. The water flow rate was measured
with the float rotameter with an error £1.5%. The measurement
accuracy of the stagnation point heat flux to the cooled surface
(T, = 300 K) was +5%.

The stagnation point heat flux to the high-temperature quartz
surface was determined by

4w = gth’T; + qc (1)

The surface temperature 7,, was obtained by the solution of the one-
dimensional heat transfer problem in the heat reception quartz wall
taking into account the well-documented temperature dependence
for the quartz thermal conductivity.!® The literature data®®?! on the
total quartz surface emissivity for the different wall thickness were
used to determine the heat flux g,, . The measurementaccuracy of the
heat flux to quartz surface was =7%. Figure 2 presents the results
of measurements of the heat loss density ¢, at different values of
the power N,, for the two quartz probes.

Figure 3 shows the calculateddependenciesg,, (T, ) for the quartz
probes with thickness » =0.8 and 2.4 mm in comparison with the
calibration data obtained in high-enthalpy nitrogen flows. In the
calibration tests, quartz surface temperature was measured with
the thermovision system AGA-780 at the effective wave length
A =5pum, where the quartz spectral emissivity €, did not depend
on surface temperature: &; =0.98. With the power variation in the
range N,, =29-72 kW, the ranges of the quartz surface temperature
and of the heat flux to the quartz surface were realized as follows:
T, =390-1470K and g, =26-111 W/cm?.

The characterization of high-enthalpy carbon dioxide subsonic
flows included measurements of the stagnation point heat flux to a
silver surface, which turned out to be the best catalyst in dissoci-
ated carbon dioxide flows, and the velocity head at the jet axis at
60 mm distance from the discharge channel exit. The velocity head
measurements were performed with the copper water-cooled pitot
tube with the same geometry as the model used for the heat flux
measurements.

CFD Modeling
The numerical simulation of subsonic high-enthalpy flows and
heat transfer for the plasmatron tests conditions is an essential
part of the freestream conditions rebuilding and surface catalycity

determination’~'">> The CFD modeling includes the three prob-
lems as follows: 1) the equilibriuminductively coupled plasma flow
in a cylindrical discharge channel, 2) the subsonic laminar reacting
jet flow past a cylindrical model, and 3) the nonequilibriumbound-
ary layer at a model stagnation point.

The firstproblemdealing with thermal plasmaschemistry and ma-
terial processing s a well-known one in the literature.* Some com-
putations of inductively coupled air plasma focused on applications
for reentry issues were published in Refs. 22 and 24. In the present
paper, the first problem has been solved on the basis of the full
Navier-Stokes equationscoupled with the simplified Maxwell equa-
tions for rf electromagnetic field.>* The two-dimensional Navier-
Stokes equations were written for the total enthalpy and three veloc-
ity componentsincluding the tangential component due to the flow
swirling. The simplified quasi-one-dimensiond Maxwell equations
were used to calculate the complex amplitude of the electric field
tangential component generating vortical electric currents in CO,
plasma in the discharge channel. The input parameters for the prob-
lem were the torch geometry, the inductorelectric current frequency
F, the gas flow rate G, the static pressure p, the power input in
plasma Ny, and the angle of gas swirling at the inlet section ¢.

The finite difference analogies of the Navier-Stokes equations
were written for control volumes using the staggered grid. The
obtained equations were solved by a method similar to Patankar
and Spalding SIMPLE method (see Ref. 25). The final system of
linear algebraic equations was solved by the modified method of
incomplete factorization. The simplified equation for the complex
amplitude of the electric field tangential component was solved in
every cross section by an effective technique based on the Thomas
algorithm.

The recentcode-to-codevalidationfor the IPG-4 test case with an
argon inductively coupled plasma®® has shown a rather good agree-
mentbetween one-dimensionalelectric field approach?*?* and com-
plete two-dimensional formulation for the plasma-inducedelectric
field inside the discharge channel and in the space beyond the torch
itself >’ The plasma flow patternsand temperaturefields in the whole
discharge channel, including the plasmatron exit section, obtained
independently by the two methods were found to be consistent 2

Particular attention was paid to calculations of the plasma trans-
port properties: thermal conductivity and electrical conductivity.
These transportcoefficients were calculatedin advance as the func-
tions of enthalpy and pressure taking into account higher approx-
imation by Sonine polynomials (the third one) for the distribution
functions according to requirements of Ref. 28 for highly ionized
gases. The modified procedure of the Chapman-Enskog method
(developed in Ref. 29) was used to reduce sufficiently the order
of determinants calculating the thermal conductivity and electri-
cal conductivity of multicomponent ionized carbon dioxide gas
mixture.

The calculated isolines of the stream function and isotherms of
carbon dioxide plasma in the plasma torch are shown in Fig. 4 for
p=10*Pa, G=1.8 g/s, Ny =25 kW, and ¢ =45 deg. The com-
plicated pattern of the inductively coupled plasma flow is formed
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Fig. 4 Isolines of dimensionless stream function and isotherms in
plasma torch at Ny, = 25 kW.
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Fig. 5 Radial profiles of dimensionless velocity, temperature, and
species molar fractions at the plasmatron exit at N} = 25 kW.
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Fig. 6 Flow and temperature fields around the test model at N, =
25 kW.

due to the interactionof a swirling gas flow with Joule’s heating and
magnetic pressure. The calculated equilibrium plasma flow profiles
at the torch exit (see Fig. 5) are the inflow boundary conditions for
the second mentioned CFD problem.

In Fig. 5 one can see quite specific features of the subsonic flow
at the torch exit: the high-enthalpy, low-velocity low implies CO
molecules, O atoms, C atoms, and a weak trace of electrons in the
jet core. For this flow regime, the Landau-Teller relaxation time for
CO molecules 7,7 ~ 2 X107 s, so that the relaxation zone length
(~2 X 1073 m) is much shorter than the distance from the torch exit
to the model (6 X 1072 m). Taking this into account, we assume
that the subsonic jet is under conditions of local thermodynamic
equilibrium (LTE), though one could expect some displacement
from LTE in the mixing layer and strong nonequilibrium effects in
the boundary layer near a model. The reason for this approachis the
use of a numerical solution for an equilibrium jet flow past a model
only as an external solution for the nonequilibriumboundary-layer
problem.

Full two-dimensional Navier-Stokes equations for enthalpy and
two velocity componentshave been used to simulate the laminar hy-
posonic (M < 1) high-enthalpy carbon dioxide flow over the model
under LTE (tangential swirling and ionization were not essential
factors in the heat transfer here). The same numerical method®
was used to solve the governing equations. Computations were per-
formed for the cold wall case (7,, =300 K). Surface catalycity was
not a factor in this problem.

Figure 6 shows the central parts of the calculated flow and tem-
perature fields around a model and confirms (qualitatively) the LTE
approachin the core of the subsonic jet. In fact, we observe the large
isothermal and isobaric zone between the plasma torch exit and a
model, the favorable conditions for the fast relaxation.

To simulate heat and mass transfer through a nonequilibrium
boundary layer to the stagnation point, the equations of boundary
layer with finite thickness*~!! have been used. Because weak ion-
ization in the freestream did not affect heat transfer to a model at
the considered test conditions, the following physical model of the
nonequilibrium boundary layer was assumed: 1) the gas is a five-
species mixture of the molecules and atoms CO,, O,, CO, C, and O;

2) molecules vibrations are in equilibrium excitation and chemical
kinetics is one temperature; and 3) the following reactions proceed
in the mixture:

CO,+M = CO+0+M, 0, +M—0+0+M

CO+M—-C+0+M, CO+0<C+0,

CO, + O < CO + O, M = CO,, 0,,CO,C, 0
The data on the rate constants for the gas-phasereactions were taken
from Ref. 30.

The simple scheme of the surface catalysis was assumed as fol-
lows: 1) The adsorptionof O atoms predominatesover other species
adsorption. 2) The adsorption of O atoms and desorption of prod-
ucts from the surface are fast reactions. 3) The heterogeneous re-
actions O + O— O, and CO + O — CO, follow the simple model
of Eley-Rideal mechanism (see Ref. 31) of the O and CO recombi-
nation

O+ S— 0.5, O+0§— 0+ S

CO+0§— CO,+ S

where S is a surface site and O_S is the surface-adhered O-atom.
4) The heterogeneous reaction C + 20— CO, is a two-step reac-
tion, which follows the simple model of Langmuir-Hinshelwood
(see Ref. 31) with the fast second step
C+ 0.5 — CO_S, CO_S +0_S — CO, + 2§

where CO_S is the surface-adheredCO-molecule. 5) All efficiencies
of earlier catalytic reactions 7,,0, ¥wco, and 7,,c are equal to some
average value ¥, .

In this way we have introducedthe average efficiency of recombi-
nation ¥,,. The reason for this approach links with the fact that actu-
ally thereis only the measured parameter g,,, which allows to extract
numerically only the joint contribution of catalytic reactions to sur-
face heating and, thus, to determine the effective surface catalycity.
Our comparative analysis of the heat transfer data obtained in high-
enthalpy subsonic pure oxygen and carbon dioxide flows using the
IPG-4 facility has confirmed that the use of an average catalytic
efficiency for reactions O + O— O, and CO + O — CO, on quartz
surface is possible.!®

This scheme of surface catalysis leads to the first-order surface
recombination of CO molecules and O and C atoms. Respectively,
boundary conditions at the surface for the mass fractions of CO
molecules and O and C atoms are written as follows:

—Jco = pK,ycoCcos —Jo =pK,,6Co 2)

—Jc = pK,cCc (3)

where

Kwi = [zj/w/(2 - yw)] Y, k’Tw/zﬂ:mi (4)

The first two conditions (2) are close to those used in Ref. 2. Prac-
tically, during the entry into the Martian atmosphere, the catalytic
recombination of C atoms does not play any role in the heat transfer
to a vehicle2 However, for the actual plasmatron test conditions,
the heterogeneousreaction C + 20— CO, is included in the model
of surface catalysis to provide total energy balance for a fully cat-
alytic wall (y,, =1) in the entire enthalpy range. At the enthalpies
above 35 MJ/kg, atomic carbon in freestream contains some no-
ticeable amount of energy of the C-atoms formation. This energy
remains in latent form and is not released on the surface in the case
Ywo = Ywco = 1 and y,,c =0. That means, in this case, the surface
being fully catalytic at moderate enthalpies turns out to be partially
catalytic at high enthalpies. As a result, the numerical rebuilding of
the freestream enthalpy from the measured heat flux to a cold fully
catalytic wall is correct if ¥,,0 = ¥,,co = ¥wc = 1. In addition, it is
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necessary to use the single boundary condition of the O or C atoms
balance on the surface:

Jo, + (2m0/mC02)JC02 + (mo/mco)Jco + Jo =0 (5)
(mc/mcog)fcog + (mc/meo)Jeo + Je =0 (6)

The governing equations of the one-dimensionalboundary layer
with finite thickness are given as follows:

1, 1l+a
(fu’n)n + fu’n— EM + 5 p =0 (7)

fl=u @®)

ey e ’
(Eh’n> + fhl — [EZ(h,. —h})(Le; — 1)c;n} =0
n

i=1 n

9
E !
/ / P
<§Cm> + fCiy ¥ =0 (10)
! n
5 5
1 T
- =, C, =1, h = h; 11
RTY 2w
where
HP A V 2Reu le R Ps Vs‘ Rm
= Ne = 5 € =
n x e
y’ 5 u R, 23U
y == A=—, u=—L, Uy = —2—
Rm Rm Ule Vs‘ or
V, R, { ou, "dn
aQ =——=—\l=]: X = -
Viui, \9y° /, o P

The boundary conditions at the outer edge (n=1) and the model
surface (nn =0) are written as follows:

n=1:. u=h=1, C, =G, (12)

n=0: u=f=0, T =T, (13)

—Ip = (K, o/ Vy)pxCo, —Ico = (K,co! Vy)prCeo (14)

—Ic = (K, c/V)xpCc
—lIco, = (mcog/mco)lco + (mcog/mc)lc (15)

where
I = =¥ Sc)C],, Kk =(1/n,)/ Re/2u,,

The governing equations (7-11) account for the finite boundary-
layer thickness and flow vorticity at the outer edge of the boundary
layer by means of three dimensionless parameters, A, u,, and «,,
and provide accurate computations of the stagnation point heat flux.
These dimensionless parameters were obtained from the numeri-
cal solution of the full Navier-Stokes equations for the dissociated
carbon dioxide subsonic jet flow over a test model under LTE (see
Fig. 6). At constant gas flow rate, these parameters actually de-
pended slightly on pressure and power input in plasma. The solu-
tions of the Navier-Stokes equations and boundary-layerequations
were matched at the distance from surface & (finite boundary-layer
thickness), where the profile u (y) has the only inflection point. The
finite difference scheme of the fourth order of approximation was
used for the numerical solution of the one-dimensional boundary-
layer problem.

Results and Discussion

In performed cold wall tests (7,, =300 K) maximum heat fluxes
were registered on the silver surface and minimum ones on the
molybdenum surface. Heat fluxes to copper were found to be a
little less than heat fluxes to silver. These results allow the arrang-
ing the metals along the catalycity scale: Ag > Cu > Mo. Strictly
speaking, the catalycity scale is arranged for the metallic oxides as
follows: Ag,O > Cu, O > MoOs;. This classification is found to be
in agreement with literature data for oxygen atoms recombination
on metallic surfaces

The freestream parameters, the enthalpy, temperature, velocity,
and chemical composition at the outer edge of the boundary layer,
were numerically rebuilt on the basis of the two measured parame-
ters, the heat flux to the cooled silver surface (7,, =300 K) assumed
to be a fully catalytic wall and the velocity head, using multiparam-
eter solutions of the one-dimensional boundary-layer problem for
the fully catalytic wall case and an assumptionof LTE in freestream.

The calculated charts of the stagnation point heat flux ¢, =
q.,(T,, 7,) arepresentedin Fig. 7 for the four test regimes. The solid
curvesare the dependenciesq,, (T, ) atconstant y,, (0 <y, <1).The
upper solid curves correspond to a fully catalytic surface (y,, =1)
and the lower curves to a noncatalytic surface (y,, =0). The dashed
curves are the heat transfer rates for the noncatalytic surface in
frozen boundary layer, that is, the lower theoretical limits of the
heat fluxes.

Surfacecatalycityaffects essentiallythe stagnationpointheat flux
in the selected test regimes. In the cold surface case (T, = 300 K),
the ratio g,,(y,, =1)/q,, (y,, = 0)= 1.5-2; at high surface temper-
aturesin therange 7, =1800-2000K this ratio approaches4. Note
thatcatalyticheatingin the dissociatedcarbondioxide flow becomes
more significant at lower temperatures in freestream than in the
dissociated airflows.

The contributionof the gas-phasereactionsto heat transferratesis
maximal in the case of a cold noncatalytic surface (Fig. 7). With 7,
increasing, the influence of the gas-phase reactions on heat transfer
decreases, and heterogeneous catalysis becomes the main nonequi-
librium process to influence the heat flux. Thus, all of the testing
regimes performed using the IPG-4 plasmatron had close to op-
timal conditions for the determination of catalytic efficiency of a
high-temperature quartz surface.

The measured heat fluxes to the cooled silver, copper, and molyb-
denum surfacesand the results of measurementsof the heat flux and
temperature on a quartz surface are presented in Fig. 7. All exper-
imental data for metals and quartz are spaced within numerically
designed heat flux envelopes. The data for the silver and copper are
located quite close to each other. The points related to molybdenum
are shifted significantly below and placed near positions that corre-
spondto a cold noncatalyticsurface. Thus, the molybdenumsurface
appearsto be a noncatalyticone in dissociatedcarbon dioxide flows,
as well as in dissociated air and nitrogen flows.!%!!

In the two test regimes presented in Fig. 7a (N, =29 kW, h, =
14 MJ/kg, and V, =43 m/s) and in Fig. 7b (N,, =52 kW, h, =
30 MJ/kg, and V,; =118 m/s), the data for quartz are located along
the curves at y,, =0 and 1073, In flow regimes at higher enthalpy
presentedin Fig. 7¢c (N, =64kW,h, =35MIJ/kg,and V, = 145m/s)
and Fig. 7d (N,, =72 kW, h, =39 MJ/kg, and V, =164 m/s), the
data for quartz are located quite close to the curves y,, =3.2 X 1073,
and one can observe some deviation of the data toward the curves
7, = 1072 at the maximum surface temperatures. It is clear from
Fig. 7 that the quartz catalytic efficiency increases with the surface
temperature, increasing up to 7,, ~ 1500 K.

Each location of the experimental point on the heat flux
chart yields the only y, value at the measured surface temper-
ature. Figure 8 presents the obtained y, data for molybdenum
at T, =300 K and for quartz in the surface temperature range
T,, =390-1470K accordingto the datashownin Fig. 7. A molybde-
num surface appears as a poor catalystat 7,, =300 K: The average
value of y,, =8 X107,

In the temperature range 7,, =390-1470 K, catalytic efficiency
of quartz y, increases monotonously if surface temperature in-
creases as well. There is some scattering of the data obtained at
weak and moderate heat transfer regimes, but the data obtained at
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Fig. 8 Catalytic efficiencies of quartz- and silica-based surfaces in dis-
sociated carbon dioxide mixture and pure oxygen.

strong high-enthalpy regimes showed Arrhenius-like behavior of
Y (o).

As we can seein Fig. 8, the novel data on effective quartzcatalyc-
ity in dissociated carbon dioxide flows are in good agreement with
the well-known data on the recombination of the oxygen atoms
on quartz’? at T, < 660 K and on reaction-cured glass®’ applied
in the space shuttle TPS in the whole studied temperature range.
This finding is also consistent with the recent experimental data in
Ref. 14 that O-atom recombinationis the dominant surface reaction
on quartz in mixtures of O and CO.

Our previous data® on the efficiency of the catalytic recombina-
tion of carbon monoxide and atomic oxygen on the Buran thermal-
protectiontile surface are also presented in Fig. 8. These data show
the opposite temperature trend, but they are matched well with the

presentdata for quartzat T, = 1470 K. Takinginto accountthe sim-
ilarities of the catalytic properties of quartz and thermal-protection
tile surfaces, we can combine the newly obtained data with pre-
vious data® collected in Fig. 8. The result reveals that the cat-
alytic efficiency y,, of silica-based materials reaches maximum at
T, = 1470 K in a dissociated carbon dioxide flow. Such a maximum
was observed in dissociated oxygen, nitrogen, and airflows®7-** as
well. The existence of 7, maximum (=6 X 1073) points out the
change of the recombination mechanism at 7,, = 1470 K: The y,,
drop with T,, increasing is a result of oxygen atoms desorption
rate growth at a surface temperature above 1470 K. This result is
in qualitative agreement with theoretical models already developed
for atomic oxygen recombination on silica-based surfaces.-3-3

Therefore, on the basis of the data in Fig. 8, we can recommend
the following approximationfor the catalyticefficiency of the silica-
based surface in the dissociated carbon dioxide flow:

2.58 X 1072 exp(—2.08 X 10° /T,,)
390 <T, <1470K

1.13 X 107 exp(5.79 X 10° /T,,)

1470 <T, <1670K
(16)

Yw =

Note that recombination of the C atoms contributes to the heat
flux at the enthalpiesabove 35 MJ/kg. Thus, in fact, the presented y,,
data actually correspondto the atomic oxygenand carbon monoxide
recombinations.

Conclusions
Good agreement of the novel data for the average efficiency of
the catalyticreactions O + O— O, and CO + O — CO, ona quartz
surface with the well-known experimental data for oxygen atoms
heterogeneous recombination points out the similarity of the re-
combination mechanisms on quartz surface in dissociated carbon
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dioxideand pure oxygen gas flows. The Eley-Rideal mechanism, in
which the adsorption of O atoms predominates over CO-molecules
adsorption, is sufficient to predict the heat transfer to silica-based
surfaces in dissociated carbon dioxide flows. The average catalytic
efficiency y,, follows the Arrhenius law up to surface temperature
about 1470 K, with temperature increasing, quartz evaluates from a
poor catalyst to a moderate one, respectively. At surface tempera-
tures above 1470K, the desorptionof surface-adheredoxygenatoms
becomes a dominantprocessand y,, decreasesdramaticallyif 7,, in-
creases. Thus, the processes of adsorptionand desorptionof oxygen
atoms appear as the key factors in surface catalysis in dissociated
carbondioxideflows. For the applicationsto the Martian atmosphere
entries, an approximationof y,, (T,,) for silica-based surfaces in the
temperature range 390-1670 K is given, although it would be ac-
ceptable to use the efficiency 7,0 of the oxygenrecombinationas an
upper bound for the catalytic reaction CO + O — CO, because we
can expect that y,,co <%0 due to the steric factor. The present re-
sults, based on a simple scheme of catalysison quartz, are generally
in qualitative agreement with theoretical models already developed
for atomic oxygen recombination on silica-based surfaces. Appli-
cations of such low catalytic materials in TPS for the future Mars
missions look quite beneficial.
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