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Experimental Investigation of Surface Reactions
in Carbon Monoxide and Oxygen Mixtures
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During hypersonic entry into the CO2 atmosphere of Mars, competing exothermic chemical reactions may
occur on a spacecraft heatshield surface. Two possible surface reactions are O ++ O ! ! O2 and CO ++ O ! ! CO2 . The
relative importance of these reactions on quartz is investigated using a diffusion tube side-arm reactor together
with two-photon laser-induced � uorescence for both O and CO species detection. The experiments show 1) that
the presence of CO in the gas phase does not signi� cantly affect the oxygen recombination reaction on quartz
and 2) that the gas-phase CO concentration is not signi� cantly altered by the presence of atomic oxygen. These
results indicate that for our experimental conditions the dominant surface reaction on quartz in oxygen-carbon
monoxide mixtures is O ++ O ! ! O2 . Current heating computations for Martian entries assume CO oxidation to be
fully catalytic. The resulting entry heatingvaluesare signi� cantly higher than those computed using the assumption
of fully catalytic oxygen recombination.The data presented here indicate that the assumption of fully catalytic CO
oxidation may be overly conservative for heatshield sizing purposes.

Nomenclature
C = species concentration,m ¡ 3

D = diffusion coef� cient, m2-s ¡ 1

J = mass � ux, kg-m ¡ 2-s ¡ 1

K = surface reaction rate coef� cient, m-s ¡ 1

M = molar mass, kg-mol ¡ 1

P = pressure, Pa
R = side-arm radius, m
T = temperature, K
v̄ = average thermal speed, m-s ¡ 1

x = side-arm axial coordinate, m
Z = collision partner
c = recombination coef� cient
q = density, kg-m ¡ 3

r = standard deviation
v = mole fraction

Subscripts

CO = carbon monoxide
CO2 = carbon dioxide
i = reaction index
m = mean
O = atomic oxygen
O2 = molecular oxygen
[s] = surface site
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Introduction

D URING hypersonic planetary entry a high-temperatureshock
wave that forms along the vehicle forebody can dissociate

molecularspeciespresent in the atmosphere.Exothermicsurfacere-
combination reactions involving these dissociated species can con-
tribute signi� cantly to the aeroconvective heating of the vehicle.
During Earth entry, the dominant atmospheric species to dissoci-
ate are molecular oxygen and nitrogen. The importance of surface
catalyzed reactions to Earth reentry heating was shown in a series
of � ight experiments on the Space Shuttle. Adjacent tiles in the
heatshield attained signi� cantly different surface temperatures de-
pending on the catalycity of their surface coating.1 ¡ 3

Many experimental investigations of the surface recombination
rates of oxygen and nitrogen atoms on representative thermal pro-
tection system (TPS) materials have been made over the last several
decades, both in the laboratory and in large-scale arc jet facilities
(e.g., see Refs. 1–6 and citations therein). As a result, some exper-
imentally based estimates of O + O and N + N recombination on
different materials are available in the literature. These estimates
can be incorporated in computer codes designed to calculate Earth
entry heating.

For Mars or Venus entries, the computation of realistic catalytic
heating contributions is more problematic. Both atmospheres are
predominately carbon dioxide. Carbon dioxide can dissociate into
CO, O, and C, in proportions depending on the energy dissipated
during the entry. The dissociation of CO into O and C requires
about twice as much energy as the dissociationof CO2 into CO and
O. For a typical Mars entry, the dissociation of CO is small, and
the concentration of C near the heat shield surface is calculated to
be negligible.7 Surface reactions that can contribute to heating are
those involving CO and O. Two competitive reactions are possible,
CO + O ! CO2 and O + O ! O2 . Presently there is very little ex-
perimental information available to assess the relative importance
of each reaction for TPS materials. Mars entry heating computa-
tions that include catalytic effects usually assume fully catalytic
CO oxidation; this assumption gives the maximum possibleheating
contribution.7 ¡ 10

We report the results of several experiments on surface catalytic
effects in carbon monoxide–oxygen mixtures. The purposeof these
experiments is twofold: � rst, to develop a sound experimental ap-
proach to study surface catalytic effects on TPS materials in carbon
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monoxide–oxygen mixtures and, second, to investigate the relative
importanceof the two competitivesurfacereactionsCO + O ! CO2

and O + O ! O2.

Experiment
A schematic diagram of the experimental apparatus is given in

Fig. 1. The experiments were conducted in a dead-end, diffusion
tube side-arm reactor. This type of reactor was � rst introduced by
Smith11 for the study of low-catalycitymaterials and has been used
extensively over the years (see Refs. 5 and 6 and citations therein).
The steady-state gas-phase concentrations of reactant species vary
as a function of axial location down the side-arm tube due to losses
by surface reactions on the tube walls. The catalycity of the wall
surface can be determined by matching solutions of the appropriate
species diffusion equation(s) to experimentally measured species
gradients. For the simplest case of one specie recombining via a
single � rst-order surface reaction, a one-dimensional species diffu-
sion analysis (assuming negligible end effects) leads to the familiar
one-dimensionalexponential decay11

C(x) = C0 exp[ ¡ Ï v̄ R c /2D(x / R)] (1)

Here C0 is the specie concentrationat x = 0 and the recombination
coef� cient c is de� ned as the fraction of reactant specie that strikes
the wall and disappears from the gas phase. For multiple react-
ing species and multiple competing surface reactions, the diffusion
analysis is more complicated, and the de� nitions of recombination
coef� cients change; a detailed description of a particular reactor
model for the carbon monoxide–oxygen system is given in a later
section.

The approach taken in this study was to look for changes induced
in the concentrationof one of the speciesby the additionof the other
into the reactor. Two complementary experiments were conducted.
First, the decay of the O-atom concentration down the length of
side arm was measured with and without the presence of CO in the
reactor, and second, the concentration of CO in the side arm was
measured with and without the presence of atomic oxygen. In the
former experiments, a change in the O-atom decay down the side

Fig. 1 Schematic diagram of the experimental apparatus.

arm with theadditionofCO would indicatethatCO surfacereactions
are taking place. A decrease in the O-atom loss rate would suggest
thatCO moleculesare tyingup surfacerecombinationsites,whereas
an increase in the O-atom loss rate would suggest that O-atoms are
being removed by the CO oxidation reaction. In experiments of the
second type, a change from a uniform CO concentration to a decay
down the side arm when O-atoms are introducedwould indicate that
the CO + O ! CO2 surface reaction is consuming CO molecules.

Previous laboratory studies worked with dissociated CO2

� ows.12,13 However, the composition of such � ows is uncertain.
In the present work, atomic oxygen was generated by � owing O2

through a microwave discharge, and CO was introduced down-
stream. The amounts of CO and O2 entering the reactor were mea-
suredusingcalibrated� ow meters,and theamountof atomicoxygen
created in the discharge was estimated from steady-state pressure
measurementswith the dischargeon andoff.Experimentscon� rmed
that there was negligible dissociation of any CO that back-diffused
into the discharge. No O atoms could be detected when CO was
introduced downstream of a helium discharge.

Two-photon laser-induced � uorescence (LIF) was used for both
atomic oxygen14,15 and carbon monoxide16,17 species detection. In
this technique, a ground state oxygen atom or carbon monoxide
molecule is excited to an upper state by absorptionof two UV pho-
tons. The excited atom or molecule subsequentlydecays radiatively
via photon emission from the upper state to an intermediate lower
energy state. The strength of this � uorescence is directly propor-
tional to the ground state number density in the gas volume illumi-
nated by the laser, provided that ionization, ampli� ed spontaneous
emission, and collisional losses from the upper state are minimized.
Two-photon LIF enables spatially resolved species selective mea-
surements with minimal intrusion. These characteristicsare signi� -
cant advantagesover traditionalmeasurementtechniquesemployed
in surface recombination studies, such as calorimeters or thermo-
couples that respond to net heating effects and cannot be used to
detect separate reaction paths.

Details of the species detection schemes, the reactor, the optical
layout, and the experimentalproceduresare given in the subsections
that follow.
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Fig. 2 Energy level diagram of atomic oxygen illustrating the states
and transitions relevant for two-photon LIF.

Fig. 3 Excitation scan of atomic oxygen originating from the ground,
J = 2 state. Shoulder appearing at » 225.721 nm is due to the � ne-
structure levels of the excited state.

Atomic Oxygen Detection

The relevant energy level diagram for oxygen atom detection
is shown in Fig. 2. The oxygen atom ground state has three � ne-
structure components with differing angular momentum, J =2, 1,
or 0, that are populated at thermal equilibrium according to the
Boltzmann distribution. The J =2 component has the highest rel-
ative population over the temperature range of the experiment,
ranging from 74% at 300 K to 64% at 700 K. UV radiation near
225.7 nm was used to excite the ground state oxygen via the
3p 3P1,2,0 Ã 2p 3P2 two-photon transition.14,15 The excited atoms
� uoresce in the infraredat 844.6 nm via the 3p 3P1,2,0 ! 3s 3S0

1 tran-
sition. Because the three � ne-structure components of the 3p 3P
state are all within 1 cm ¡ 1 of each other, only a single heavy solid
line is shown in Fig. 2 for this state.

Figure 3 shows an excitation scan through the resonance associ-
ated with the 3p 3P1,2,0 Ã 2p 3P2 transition of atomic oxygen. Dur-
ing experiments in which the O-atom concentrationwas monitored,
the excitation wavelength was tuned to maximize the � uorescence
signal.

Carbon Monoxide Detection

Ground state carbon monoxide molecules were excited using
UV light near 230 nm via the B 1R + Ã X 1R + (0, 0) two-photon
transition.16,17 This excitation wavelength corresponds to a transi-
tion from the lowest lying (v 0 0 = 0) vibrational level of the X 1R +

groundstate to the lowest lying(v 0 =0) vibrationallevelof the B 1R +

excited state. Some of the CO molecules in the B 1R + state � uoresce
in the visible and near-infraredregion via the B 1R + ! A 1P transi-
tion, as shown in Fig. 4. Multiple � uorescencewavelengthsarise be-
causeCO in the B 1R + (v 0 = 0) state can � uoresce to severaldifferent
vibrational levels of the A1 P state (primarily the v 0 0 = 0–6 levels).

Fig. 4 Energy level diagram of carbon monoxideillustrating the states
and transitions relevant for two-photon LIF.

Fig. 5 Two-photon LIF signal from carbon monoxide as a function of
laser wavelength at a temperature of 295 K and a pressure of 61 Pa;
features are due to the Q-branch of the B-X(0, 0) transition.

Figure 5 shows the Q-branch ( D J =0) excitation spec-
trum of CO, as the UV wavelength was scanned over the
B 1R + Ã X 1R + (0, 0) transition. Transitions from different ther-
mally populated rotational levels of ground state CO give rise to
the observed structure in the two-photon LIF spectrum. For CO
detection, the excitation wavelength was tuned near 230.13 nm to
maximize the � uorescence.

Reactor

The reactor consisted of a glass main arm and a quartz side arm
joined by a quartz cross. Approximately18 in. (0.47 m) of the side-
arm tube were enclosed in a Lindberg electric clam-shell furnace.
Gases were introduced into the main arm upstream of the cross. By
a simple adjustment of valves (see Fig. 1) the side arm could be
turned into either a dead-end diffusion tube or a � ow tube. In the
diffusion tube mode, gases were pulled through the main arm by a
Varian V-90 turbomolecularpump backed with a mechanicalpump.
In the � ow tube mode, gases were pulled through the side arm by a
high-capacitymechanical pump. A � uorinated pump oil (Fomblin)
was used in both mechanical pumps to avoid explosion hazards.

A microwavedischargewas positionedon the main arm upstream
of the cross. Molecular oxygen was introduced into the reactor up-
stream of the discharge while gases such as helium and carbon
monoxide were introduced between the cross and the discharge.
The powerdeliveredto themicrowavedischargewas typically40 W.
From pressure measurements made with the discharge on and off,
the O2 dissociation fraction at this power level was estimated to be
in the range of 1–3%. Because the discharge received a constant
power input and was operated under steady-state temperature and
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gas � ow conditions, the O2 dissociation (as monitored by LIF) was
essentially constant during any given experimental run.

Gas Handling

Gas � ow was measured using calibrated Tylan mass � ow me-
ters, and gas pressure was measured using a Baratron capacitance
manometer gauge. The gases used in these experiments were oxy-
gen (99.998%), helium (99.999%), and a mixture of 2.0% carbon
monoxide in helium.

The O + O2 + Z ! O3 + Z gas-phase three-body reaction be-
comes signi� cant at pressures above » 65 Pa ( » 0.5 torr) (Ref. 18).
To eliminate the in� uence of this gas-phase reaction on species
concentration pro� les, the total reactor pressure was always kept
below 53 Pa (0.4 torr). The O + O + Z ! O2 + Z reaction, al-
though approximately � ve times faster than the ozone producing
reaction at room temperature,19 is less important because of the
low O-atom concentrations present in the system. The reaction
CO + O + Z ! CO2 + Z is much slower than the O + O2 + Z !
O3 + Z reaction20 and is insigni�cant in the pressure range of our
experiments.

Because only 1–3% of the molecular oxygen � ow was dissoci-
ated, the partial pressure of atomic oxygen was quite small. The
experiments were designed to add CO to the reactor in comparable
concentrationsto the O atoms. Because of the low partial pressures
of atomic oxygen, it was necessary to buffer the CO in He to obtain
a bulk � ow rate suf� ciently large for accurate measurement.During
the experiments the oxygen � ow rate was � xed, and either pure He
or the2.0%CO in He mixturewas added to raise the reactorpressure
to a particular value.

The existence of iron carbonyl impurities in bottled CO is well
known.17,20 When using CO, the gas was � rst heated to a tem-
perature above 200 C to decompose any iron carbonyl impurities
acquired from the walls of the gas cylinder and then cooled back to
room temperature prior to entering the main arm.

Optical Layout

A frequency tripled Continuum NY81 Nd:YAG laser was used
to pump a Continuum ND60 dye laser to provide tunable blue ra-
diation near 452 nm for oxygen atom detection and near 460 nm
for carbon monoxide detection. Both wavelengths were produced
using Coumarin 460 laser dye. The blue light was frequency dou-
bled by passing it through a beta-barium borate crystal. Residual
blue light in the beam was separated from the desired UV radi-
ation using a Pellin–Broca prism. Several dichroic mirrors and a
down-collimating Galilean telescope were used to direct the beam
througha quartz window orientedat Brewster’s angle and down the
centerline of the side arm. The laser pulse energy was monitored
with a Molectron J3-09 pyroelectric energy meter that intercepted
the beam as it exited the reactor through a similar Brewster’s angle
window located on the cross.

Fluorescence was detected at normal incidence to the side-arm
tube by three photomultiplier tubes (PMTs) spaced 8.9 cm apart.
The PMTs are labeled PMT1, PMT2, and PMT3 in Fig.1; PMT1 is
the nearest PMT to the cross. A wedge-shapedrefractory insert was
constructed to allow optical access while the furnace was closed
and operating. This refractory insert had 1-cm-diam optical ports
lined with quartz tubes to view the centerline of the side-arm tube
along its axis. The light emergingfrom the portswas collectedusing
gated, red-sensitive,photomultipliertubes (Hamamatsu R636 tubes
with a C1392 sockets).

For O-atom � uorescence detection, the PMTs were � tted with
narrowband interference� lters centeredat 845 nm with a full width
at halfmaximum(FWHM)bandpassof » 3 nm.For CO � uorescence
detection, initial measurements were made using a 400-nm long-
pass and 500-nm short-pass � lter combination on PMT1, a band-
pass � lter centered at 483 with a FWHM of 10 nm on PMT2, and
a 450-nm long-pass and 550-nm short-pass � lter combination on
PMT3. During the course of the experiments, 450-nm long-pass
and 550-nm short-pass � lter combinations were also obtained for
PMT1 and PMT2.

Because of variations in PMT response, � lter transmission char-
acteristics, and optical alignment, the � uorescence detection sensi-
tivitiesat the three locationsalong the side arm differed.The relative
� uorescence detection sensitivities at the three locations were de-
termined by collecting � uorescence from a uniformly distributed
specie. For CO detection, this could be achieved trivially by � lling
the reactor with a CO–He mixture. For O-atom detection, the side
arm was converted to � ow tube mode so that axial O-atom con-
centration gradients could be minimized. With a suf� ciently high
pumping speed, axial O-atom concentrationgradients produced by
surface reactions were largely overcome by convection (� ow). The
relative detection sensitivities were used to correct measured sig-
nals obtained in the diffusion tube experiments. These calibrations
were made frequently throughout the experiments because the rel-
ative detection sensitivitieswere strong functions of the laser beam
alignment through the side arm.

Care was taken to record background baselines for each test and
subtract them from the data. For O-atom detection,backgroundsig-
nals were relatively small and arose predominantly from scattered
laser light and electronic noise found in the data acquisition instru-
ments. For CO detection, the dominant background signal contri-
bution was from � uorescence of the quartz windows on the side
arm. This background � uorescence was large and could not be � l-
tered out because the spectral ranges of the quartz and the CO � u-
orescence overlap. During experiments employing CO detection,
measurements were also made without CO in the reactor to obtain
accurate background� uorescencesignals for later subtraction from
the data.

Data Acquisition

A Stanford Research Systems data acquisition system was used
along with a personal computer to collect, process, and store output
signals from the energy meter and the PMTs. The data acquisition
system consisted of an SR240 preampli� er, several SR250 gated
integrators, and an SR 245 computer interface, all housed in an
SR280 mainframe. The Nd:YAG laser, the gated PMT, and the data
acquisitionsystem were triggeredat 10 Hz and timed with respect to
one another using a Stanford Research System DG535 digital delay
and pulse generator.

The data collection for a typical test consisted of acquiring ap-
proximately 250 bins of data on four channels, that is, the energy
meter and three PMTs, with each bin containing the mean signal
from 10 laser shots. The appropriate baseline offset was subtracted
from each bin, and the average signal and associated standard de-
viation were calculated for each channel. The average PMT signals
and the standard deviations were then corrected for the relative de-
tection sensitivities at the different locations. The � nal corrected
PMT signalswere directlyproportionalto the species concentration
at each detection location.

Experimental Results
Experimentalresultsare presented in Figs. 6–8. Figures6–8 show

relative species concentrations as a function of distance along the
side arm. Species concentrations are normalized to one at the � rst
measurement location,which is also taken as the zero of the dimen-
sionless axial coordinate x / R. The error bars in Figs. 6–8 are the
standarddeviations r (calculatedas describedearlier) and represent
the scatter in the data collected during a single run. The standard
deviations of the means r m are about a factor of 15 smaller, where
r m ´ r /

p
number of data points.Variationsin averagedconcentra-

tion measurementsobtainedduringsequential test runs (under iden-
tical reactor conditions) were consistent with r m values. The data
points in Figs. 6–8 are slightly offset to separate individual error
bars.

The experimentalconditionscorrespondingto Figs. 6–8 are listed
in Table 1. The mixture compositionsat the entrance to the side arm
were calculated from measured gas � ows and an O2 dissociation
fraction of 1.5%. The effective multispecies diffusion coef� cients
of O and CO were estimated from Wilke’s approximation21 using
the binary diffusioncoef� cients given by Marrero and Mason22 and
the calculatedmole fractionsgiven in Table 1. The uncertaintyin the
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Table 1 Experimental conditions at the entrance to the diffusion side arm

Figure 6 Figure 7 Figure 8

With Without With Without With Without With Without With Without
Parameter CO CO CO CO O O CO CO O O

T , K 295 295 623 623 292 292 295 295 298 298
P , Pa 41.5 41.5 41.6 41.6 49.9 50.7 49.6 50.5 49.6 49.2
v He 0.902 0.922 0.902 0.923 0.326 0.337 0.315 0.341 0.318 0.316
v O2 0.077 0.075 0.077 0.075 0.648 0.656 0.658 0.633 0.656 0.678
v O 0.0023 0.0023 0.0024 0.0023 0.020 —— 0.020 0.019 0.020 ——
v CO 0.019 —— 0.019 —— 0.0067 0.0069 0.0065 —— 0.0066 0.0065
DO-M , cm2-s ¡ 1 1990 2070 7370 7640 805 —— 825 838 846 ——
DCO-M , cm2-s ¡ 1 1440 —— 5160 —— 529 530 542 —— 556 554

Fig. 6 Relative O-atom concentration vs location along the diffusion
tube side arm; solid and dashed lines are exponential � ts to the data
obtained with CO and without CO, respectively.

Fig. 7 Relative CO concentration vs location along the diffusion tube
side arm at 295 K. (Dotted horizontal line at 1 is given as an aid to the
eye.)

temperatureand pressuremeasurementsis less than 5%. The largest
experimentaluncertaintyis associatedwith the O2 dissociationfrac-
tion. Estimates of O2 dissociation based on pressure measurements
are most likely low and could be off by a factor of 2 or more. Thus,
whereas the O2 , He, and CO mole fractionshaveuncertaintieson the
orderof 5–10%, the O mole fractioncould be uncertainby factorsof
2 or more. The absolute value of an individual diffusion coef� cient
is accurate to about §20%; the ratio of diffusioncoef� cients for two
similar mixtures is much more accurate.

The � rst set of experimentswas to determinewhether the addition
of CO to the reactor would enhance or diminish the removal of
O atoms from the gas phase. To this end, it was desired to keep
the O-atom diffusion coef� cient in the gas mixture approximately

Fig. 8 Relative species concentration vs location along the diffusion
tube side arm at 295 K; 1.27-cm-wide Inconel 617 strip positioned be-
tween PMT2 and PMT3: solid and dashed curves are � ts to the data
obtained with CO and without CO, respectively. (These curves and the
dotted horizontal line at 1 are given as aids to the eye.)

constant while adding CO in excess over O to drive CO surface
reactions if they were signi� cant.

Experiments were conducted in two gas mixtures, the � rst mix-
ture containing only helium and oxygen and the second mixture
containing, in addition, carbon monoxide. Both mixtures were at a
total pressure of » 41 Pa ( » 0.31 torr). The gas-� ow rates, in stan-
dard cubic centimetersper minute, were 1.79 for O2 and 21.5 for He
in the � rst mixture and 1.79 for O2, 20.5 for He, and 0.42 for CO in
the second mixture. The calculated mole fractions of O atoms and
CO molecules in the second mixture, at the entrance to the side arm,
were » 0.0023 and 0.019, respectively. Even with the large uncer-
tainty in the O-atommole fraction,the CO moleculeswere clearly in
excess relative to the O atoms during this experiment. The O-atom
diffusion coef� cients in the two mixtures are calculated to differ by
less than 5%.

Figure 6 shows the decay of the O-atom concentrationdown the
side arm, for measurements made with each gas mixture at two
different temperatures. The O-atom concentrationpro� le along the
side arm was consistent with an exponential decay. The catalycity
of quartz increases with temperature, resulting in the greater rate of
O-atom loss at 623 K as compared to 295 K. Figure 6 clearly shows
that there were no signi� cant differences in O-atom decay in the
two different mixtures at either 295 or 623 K, even though CO was
in excess over O by a factor of » 8 in the second mixture. Although
relative O-atom concentrations are plotted in Fig. 6, note that the
absolute magnitude of the O-atom LIF signal was similar in both
mixtures, indicating no signi� cant changes in the absolute O-atom
concentrations. Similar measurements, made at intermediate tem-
peraturesand on differentdays, consistently found that the addition
of CO to the reactor had no effect on O-atom losses from the gas
phase.

The results of this � rst set of experiments can be interpreted in
two ways: Either 1) CO surface reactions were insigni� cant and
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the observed O-atom decay was caused solely by oxygen atom re-
combination in both mixtures, or 2) the CO and oxygen surface
reactions, along with the relative surface coverage of O atoms and
CO molecules, can combine to give the same net O-atom removal
down the side arm. Clearly the � rst interpretationis more reasonable
than the second because the second requires a fortuitous combina-
tion of reaction kinetics. If the latter interpretationwere correct, the
gas-phase CO concentration should also decay down the side arm
(when the CO- and O-atom concentrationsare similar.)

A second set of experimentswas conductedto look for such a CO
decay. In these experiments, the CO concentration was monitored
while the microwave discharge was turned on and off to control
the presence of atomic oxygen in the reactor. The � ow rates of O2

and the He–2.0%CO mixture were set so that the concentration of
atomic oxygenwhen the dischargewas turned on was in excessover
CO. The removal of CO from the gas phase via the CO + O ! CO2

surface reaction, thus, would not be limited by the availability of
atomic oxygen in the mixture.

Typical results are shown in Fig. 7. The reactor pressure was
» 50 Pa ( » 0.38 torr). The gas-� ow rates into the reactor were 14.0,
6.71, and 0.14 standard cm3/min for O2 , He, and CO, respectively.
The mole fractions of atomic oxygen and CO when the discharge
was on were calculatedto be » 0.020 and 0.0067,respectively.Thus,
the O-atom concentrationat the entrance to the side arm was clearly
in excess over the CO concentration.The difference in the effective
multispeciesdiffusioncoef� cientofCO with orwithout thepresence
of atomic oxygen in the mixture was calculated as less than 1%.

Figure 7 compares the uniform CO concentration obtained with
the discharge off to the CO concentrationsmeasured when the dis-
chargewas on.The measuredconcentrationpro� les werepractically
identical.The CO concentrationclearly did not decay down the side
arm when atomic oxygen was introduced. The absolute magnitude
of the CO LIF signal was similar with the discharge on or off in-
dicating no CO consumption by O atoms. This measurement was
repeated several times on differentdays. Because of signal-to-noise
limitations, some scatter of relative concentrationsabout unity was
observed. Nevertheless, all experiments of this type provided com-
plementary evidence that, for our experimental conditions, oxygen
removal from the gas phase via the CO oxidation reaction was not
competitive with the oxygen recombination reaction.

The catalycity of quartz for oxygen recombination is relatively
low. To check if a more catalytic surface for oxygen recombination
would alter the results, several experiments were conducted with
a 1.27-cm-wide Inconel 617 strip lining the inside of the diffusion
side arm between PMT2 and PMT3. Both O and CO were detected
in separate experimentsof the type describedearlier.Representative
resultsarepresentedin Fig. 8. The totalpressureand thecomposition
of the gas mixtures were kept very similar to those for Fig. 7. Once
more the introduction of CO caused no signi� cant changes in the
O-atom decay curve, nor did the presence of atomic oxygen alter
the uniform concentrationof CO down the side arm.

Finally, becausewe detectedno changesin the gas-phaseCO con-
centrationin our experiments,the questionof CO detectionsensitiv-
ity may be raised. In particular, the B 1R + Ã X 1R + (0, 0) transition
is allowed by both single-photon and two-photon selection rules.
The radiativedeexcitationof the excitedCO molecule directly to its
ground state with the emission of a » 113-nm UV photon can lead
to radiationtrapping.Radiation trapping increases the apparent life-
time of the excited state and may degrade the resolution of any CO
concentration gradients. When detecting CO in our experiments,
the partial pressure of CO was about 0.33 Pa ( » 2.5 mtorr). Some
radiation trapping was certainly present at this CO pressure23; how-
ever, the effect of radiation trapping upon CO concentration mea-
surements was not signi� cant. A linear relationship between signal
strength and CO concentrationwas experimentally con� rmed over
the CO partial pressure range of our measurements.Additionally,to
con� rm our ability to detect gas-phase CO changes due to surface
reactions, several experiments were conducted at » 200 C with a
platinum foil between PMT2 and PMT3. The surface reaction of
O2 and CO on platinum to form CO2 at this temperature is well
known.24 In these experiments, the CO concentration was moni-

tored as O2 was introduced into the reactor, and the loss of CO from
the gas phase was easily detected.

Reactor Model
A numerical model was constructedto simulate multispeciesdif-

fusion and surface reaction phenomena in the diffusion tube side
arm. This model was consistentwith the generalapproachemployed
for past Martian entry heating computations that included CO and
O surface catalysis.7,9,10,25 Surface reactionsare presumed to follow
� rst-orderkineticsand to be irreversible.Reactionproductsleavethe
surface instantaneouslyand only (potentially) reacting species may
attach to the surface. Five possible surface reactions are included in
the model:

O + [s] ! O[s], i = 1 (2a)

CO + O[s ] ! CO2 + [s], i = 2 (2b)

O + O[s] ! O2 + [s], i = 3 (2c)

CO + [s] ! CO[s], i = 4 (2d)

O + CO[s ] ! CO2 + [s], i = 5 (2e)

The rate coef� cient for the i th reaction is given by

Ki = c i (v̄i / 4) (3)

where c i is de� ned as the fractionof gaseousspecie strikingthe wall
that undergoes the i th reaction. The sum of all c i for a particular
specie cannot exceed one, leading to the restrictions

c 1 + c 3 + c 5 · 1 (4)

c 2 + c 4 · 1 (5)

The mass � uxes due to surface reactions are balanced by diffusion.
A body-� tted co-ordinate system is used:

JO = ¡ q DO r v O = ¡ (K1 + K3 + K5) q O (6)

JCO = ¡ q DCO r v CO = ¡ (K2 + K4) q CO (7)

JO2 = ¡ q DO2 r v O2 = [K3( MO2 / MO)]q O (8)

JCO2 = ¡ q DCO2 r v CO2 (9)

= [K2(MCO2 / MCO)]q CO + [K5(MCO2 / MO)]q O (10)

For steady-state conditions, the fraction of the surface covered by
each reactantmust remain constant.This leads to further restrictions
on c i :

c 1 = c 2( q CO / q O)(MO / MCO)
3
2 + c 3 (11)

c 4 = c 5( q O / q CO)(MCO / MO)
3
2 (12)

Note that, if the multispecies formulation is reduced to a binary
mixture, for example, O and O2, the restrictionsof Eqs. (4) and (10)
lead to c 1 = c 3 · 1

2
. Thus, the single recombination coef� cient c

used in the simple exponential decay of Eq. (1) is equivalent to the
sum of c 1 + c 3 in the present model formulation.

Gas-phase reactions were negligible under the conditions of the
side-arm experiment and were omitted from the model. In addition
to the species involved in the surface reactions of Eqs. (2), the gas-
phase diffusion model also includes helium. Whereas helium does
not participate in any reactions, its presence does modify species
diffusion rates signi� cantly. The multispecies diffusion equations
were solved using the bifurcation diffusion approximation26 and
a � nite volume differencing scheme analogous to that used in the
GIANTS code.25
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The reactor model was used to calculate room temperatureO and
CO concentrationpro� les along the side arm for the gas-phasemix-
tures of Figs. 6 and 7. To compute concentration pro� les, three of
the � ve c i must be speci� ed. The remaining two c i are then deter-
mined by Eqs. (10) and (11). It is plausible that the quartz surface
was predominantly covered by O atoms not CO molecules. If CO
molecules were covering signi� cant fractions of the surface, a de-
crease in O-atom loss down the side arm would be expectedwith the
addition of CO to the reactor, and no such decrease was observed
in the experiments. Thus, we take c 4 = 0, and c 5 = 0 follows from
Eq. (11). (Similar assumptions about surface coverage were made
in Ref. 13.) The room temperature recombination coef� cient of O
on quartz in a binary O–O2 mixture5 is on the order of 1 £ 10 ¡ 4.
We, therefore, set c 3 to 5 £ 10 ¡ 5 , so that in the absence of CO,
c 1 + c 3 =1 £ 10 ¡ 4 .

O and CO concentrationpro� les computed as a function of c 2 / c 3

are shownin Figs. 9 and10, respectively.For eachvalueof c 2 / c 3 , co-
ef� cient c 1 was determinedby Eq. (10). A comparisonof the experi-
mental (Fig. 6) andcomputed(Fig. 9)O-atomdecaycurvesindicates
that c 2 must be more than one orderof magnitudesmaller than c 3 for
reasonable agreement. Moreover, the model results for both O and
CO concentration pro� les are in good agreement with the experi-
mental results in the limit of c 2 / c 3 =0. Note that a fully catalyticCO
oxidationcondition( c 2 =1 and c 2 / c 3 =20,000) would lead to con-
centrationpro� les completelyincompatiblewith ourmeasurements.

Whereas the particular set of c i � xed in these simulations was
not unique, substitutionof other reasonablevaluesdoes not alter the
general conclusions. In all cases, the model simulationssupport the
basic result of our experiments: oxygen recombination dominates
over CO oxidation.

Fig. 9 Model computations of O-atom decay pro� les as a function of
°2/°3 for the experimental conditions of Fig. 6 at 295 K.

Fig. 10 Model computationsofCOdecaypro� les as a function of°2/°3
for the experimental conditions of Fig. 7 at 295 K.

Discussion
A recent Russian study13 examined the catalycity of quartz sur-

faces in subsonic � ows of dissociated carbon dioxide. Stagnation
point heat transfer measurements were made, and these were com-
pared with numerical simulations of the � ow and the probe thermal
response to extract a net effective recombination coef� cient for all
surface reactions. Because heat � ux measurements are not species
selective, the relative importance of various possible surface re-
actions, such as O + O ! O2, CO + O ! CO2 , and C + O ! CO,
could not be assessed. However, the general � nding of the study
was that catalytic heating contributions in dissociated carbon diox-
ide and dissociated oxygen were similar. This result is consistent
with our � nding that O-atom recombinationis the dominant surface
reaction on quartz in mixtures of O and CO.

Note that the rate constant of the gas-phase three-body reaction
CO + O + Z ! CO2 + Z is two to three orders of magnitude slower
than that of O + O + Z ! O2 + Z (Refs. 19 and 20). To the extent
that a low-catalycity surface is similar to an inert reaction partner,
the gas-phase reaction data also suggest that oxygen recombination
woulddominateover carbonmonoxideoxidation.The slow reaction
rate of CO with O in the gas phase is attributed to the spin mismatch
between the triplet 3P ground state of atomic oxygenand the singlet
X 1R + ground state of CO. Reactions involving excited states of
O or CO may be substantially quicker; however, they do not play
an important role in our experiments. The lowest lying triplet state
of CO (a 3P ) is about 6 eV above the ground state27 and cannot
be thermally populated. The lowest lying singlet state of atomic
oxygen ( 1D) is about 2 eV above the ground state, and thermal
population of this state in our experiments was also negligible. It
is possible that a small number of 1D O-atoms were created in the
discharge; however, these excited atoms are rapidly quenched by
oxygen molecules18 and would not persist in the gas phase long
enough to interact with the CO molecules injected downstream of
the discharge.

The results of the present work suggest that Mars entry heat-
ing computations based on fully catalytic CO + O ! CO2 recom-
bination may be overly conservative.Figure 11 shows the effect of
different surface catalysis assumptionson heatingpredictionscom-
puted for the maximum stagnation point heating time of the Mars
Path� nder entry (66 s). Computations were made using the pro-
grams and methodology outlined in Ref. 25, with the inclusion of
the O + O ! O2 surface reaction.The predictedheatingdifferences
between surfaces modeled as fully catalytic for CO2 production or
fully catalytic for O2 production are signi� cant. Any initial TPS
sizing based on entry heating calculations assuming fully catalytic
CO oxidation rather than fully catalytic oxygen recombinationwill
necessarilylead to increasedvehicleweight. InitialTPS sizingusing

Fig. 11 Surface heat � ux calculations for the peak stagnation point
heating time (66 s) during the Mars Path� nder entry, assuming fully
catalytic CO2 production, fully catalytic O2 production, or a noncat-
alytic surface.
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fully catalytic oxygen recombination heating estimates should still
be conservative. No real surface is fully catalytic. Furthermore, in
actual application, surface heating is also reduced by any ablation
or pyrolysis that may occur.

Conclusion
Experimentalresults indicate that oxygen recombinationis much

more important than carbon monoxideoxidation on quartz surfaces
(at least over the pressure and temperature range so far explored).
The recombinationrate of oxygenatoms was essentiallyunaffected
by the presence of carbon monoxide in the gas phase. Likewise,
the presence of oxygen atoms in the gas phase did not signi� -
cantly change observed carbon monoxide concentrations. Room-
temperature experiments on Inconel 617—a material known to be
more catalytic for oxygen recombinationthan quartz—showed sim-
ilar results. A numerical model was constructed to simulate multi-
species diffusion and surface reaction in the reactor. The model for-
mulation and numerical solution were consistent with the method-
ology of past Mars entry catalytic heating computations. Repre-
sentative computationscon� rm that the experimentally observed O
and CO concentration pro� les were inconsistent with signi� cant
surface catalyzed CO oxidation. The results of the present work
suggest that Mars entry heating computations based on fully cat-
alytic CO + O ! CO2 recombination may be overly conservative.
Clearly, further work must be done to extend the temperature and
pressurerangesof these experimentsand to extractnumericalvalues
of c for actual TPS materials of interest.
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