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Abstract:

An investigation of the oxidation of iridium wires was conducted in the temperature range of 1965 to
2260 C (2238 to 2533 K). The wires were oxidized in naturally convected CO2 at pressures ranging
from 1.32 x 10-3 to 1.32 atm (1 to 1000 torr). The experimental results were compared to values
calculated from a model based on the assumptions that the oxidation rate was controlled by the rate of
CO2 dissociation, the rate of vaporization of IrO2(g), [rO3(g) and Ir(g) and the rate of the subsequent
diffusion of these species through the boundary layer.
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ABSTRACT.

An investigation of the oxidation of iridium wires was conducted
in the temperature range of 1965 to 2260 C (2238 to 2533 K). The
wires were oxidized in naturally convected C0, at pressures ranging
from 1.32 x 10-3t01.32 atm (1 to 1000 torr).  The experimental results
were compared to values calculated from a model based on the assumptions
that the oxidation rate was controlled by the rate of CO» dissociation,
the rate of vaporization of Ir0z(g), Ir03(g) and Ir(g) and the rate of
the. subsequent diffusion of these species through -the boundary layer. .




CHAPTER I
INTRODUCTION

Characteristics and Uses of Iridium

Iridium is considered to be the most éorrbsion resistant metal.
known when it is compared with all other metals over a broad range of
temperature and in a great variety of corrosive enQironments'[l].
These corrosive environments ‘include numerous acids and salt solutions,
molten oxides, fused salts and molten metals. |

When iridium is heated in oxygen to about 600 C (873 K) a.thin
oxide film is produced. At:tempéfaturesgkeater than 1000 C (1273 K)
the oxidatioh products are volatile resulting “in an oxidation réte
which is constant with time. However, this rate is Tow enough to

allow the use of iridium in centact with oxygen at-temperatures above

2000 C (2273 K).

Although iridium has réasbnab]y good high-temeprature strength
properties, its high cost limits its use as a structural material.
Iridium wires are Qsed as heating elements in hfgh-temperature fur-
naces and as high-temperature thermocouples. Other possible applica-
tions for iridium include éoatings fof compoenents in rocket engines
-and leading edges on re-entry spacecraft. Iridium has also been con-
sidered as a protective coating for pomponents fn'high temperature
gas ﬁoo]ed nuclear reactors where €0z is used as a coolant.” The

present study is particu1ar]y reléevant to this consjdération.




Review of Previous Work

An extensive reveiw of the literature available on the oxidation
of iridium has been presented by Wimber L2] and a brief summary of that
review is presented here.

Oxidafion studies of iridium carried.out by Cordfunke and Meyer
[3] indicated IrQ3 as the major oxide specie forﬁed ahd at temperatures
.above 1110 C (1383 K) the oxides formed were volatile. Similar results
were obtéined by Schafer and Heitland [4] and by Alcock and Hooper [5].
Cordfunke and Meyer also arrived at equilibrium constants for the
oxidation reaction which were slightly higher than those reported by the
other inVestigators. »

" A'mass. spectrometric study by.Norman, et al [6] indicated the pre-
sence of Ir +, Ir0+,'Ir02+,.and Ir03+ ions during the oxidation of
iridiun at temperatures between 1557 and 1760 C (1830 and 2033 K).

Ir0, and IFO3 were found to be the major oxide species. The presence
of Ir0(g) could not be ruled out, but if it did exist, its partial .
pressure would bé Tess than 1/50 of- the partial. pressure of the IrO2 :
at the'Highest temperature .and oxygen pmr'essur'e-(10'4 atm)'invplved in
the study.. ‘

The wokkfof Bért]ett [7] on the oxidation of platinum at tempeka-
tures greater thén‘SOO c (1073 K) fs‘re]evant to the'pfeSEnt study
" because of the chémicé1 similarities between platinum and'{fidiqm

(Ir is a member of the platinum grbup) such,as the formation of volatile :
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oxides. Bartlett predicted oxidation rates from calculations involv-
ing the reversible reaction, O2 + Pt X'Ptoz, which takes place at the
solid-gas interface and the subsequent'diffusion of the oxide through
the gaseous boundary layer which forms as é result of the naéﬁra] con- i
vection of the oxidizing gas.

Wahl [8] describes two models to predict oxidation rates.of iridium
wires in air and pure oxygen for both- forced and natural convection.
One model based on the assumption of diffusion contrel proved reliable
for pressures above 1054 atﬁ. The other model predicted oxidation
rates at Tower pressures assuming vaporization of the oxide species
from the metal surface as the rate limiting process.' More recently
an equation, similar to that used by Bartlett, was formulated to
accamodate both models and produced accurate results for the entire
pressure range [9]. The major steps -in the derivation of this model

are presented in Chapter III..

Purpose of Present.Study

The present study attempts te show that the-diffusion/vapbrizétioh
model described above [9] applies to the fafe of oxidation of iridium
in C02, given. the amount of oxygen produéed'by the dissociation of the
€0, . | .

Several approaches were formulated to predict thé available oxygen

at the gés-sdiid 1nterfdce, none of which proVed'complete]y satisfacfory;
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These included an approach based on the assumption of Tocal equilibrium
at the gas-metal interface, an approach assuming Kinetic control for
the entire dissociafion oxidation process, and a model based on
kinetic control for the C02 dissociatioﬁ with the major portion of
the reaction products being removed by diffusion through the boundary

layer.




CHAPTER II
EXPERIMENTAL PROCEDURE

Experimental Materials

" The 0.508 mm diameter iridium wire used in this study was com-
“mercially pure and from a single lot. Mass spectrometer analysis
indicated that the wire was better than 99.8% pure with the major
impurities being W (800 ppm), Fe (60 ppm) and Cu (35 ppm).

The COZIused was typically 99.99% pure wjth N2 the major impurity
(20 ppm). Prior to entering the oxidation cell, it was dried first in

anhydrous calcium sulfate (CaSO4) and then in magnesium perchlorate

Apparatus and Procedure

A detailed description of the apparatus and experimental procedure
has been given by Wahl [8]. 'Consequently a more general and brief
explanation will be presented here.

\ A schematic representation of the experimental system is shown in
Fig. 1. The 1r1dium'wﬁre was mounted between two electrodes in the
wafer-coo]eq oxidizing cell. The cell was provided with two sight
pokts covered with rotatable pyrex windows. Through one port an obti—
cal pyromefer.was focused on the wire and through the opposite window
a motor=driven, timer;actuéted camera fitted with a te]emicroscobé was

focused on the same point of the wire..




Rotameter Dryers Supply Tanks
Automatic
3:::2 Pressure
Timer Controller
E Battery
IL | Pressure ]
: Meter
L { ) T
Motorized Camera —2___o Capac1 tance
& Telemicroscope | Manometer
—P—- Aﬁ
Wire 3
Optical — )
Pyrometer I_J Mech .
DC ec
Voltmeter Ammeter Vac.
Power Pump
Supply

Figure 1: Schematic Representation of Oxidation Apparatus.
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The pyrometer was calibrated to compensafe for readings taken
through the pyrex window as described by Wahl [8]. This calibration
was checked periodically throughout the course of the experiments. ‘
The wire was maintained at the desired temperature by se{f-resistance
heating. Pressure was held constant at a selected value by use of a
servo-controliled valve, coupled with a capacitance monometer. To
insure an atmosphere of CO2 gssentia]]y free from oxidation products,
a small, constant flow of CO2 was maintained by continuously operating
a vacuum pump connected to the system. . :

At the ‘beginning of an experimental run a length of iridium wire
was cleaned in acetone and mounted between the electrodes in the oxida-

tion cell. The wire was then annealed in an argon atmosphere at 1.05

atm (800 torr) and 2200 C (2437 K) for 30 minutes to prevent excessive

recystallization and grain growth from occurring during oxidation
measurements. The argon was -then pumped out; the cell was then 1eak7
tested and filled with CO2 to the desired pressure. The servo mech-
anism wa§ activated and allowed to establish a steady f16w.1'The wire
was brought to temperature by adjusting the current from the power -
subp]y. The camera-timer éystem was started and a seriés of tén exbd--

sures was taken of the wire. .

The time interval between exposures was set so that'apbroximately -

0.025 mm would be removed from the wire diameter quingAthe course of

the run. The wire temperature was monitored with the optical pyrometer
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and kept constant by current adjustuents. On Tonger runs (up to 48
hours) the system was shut off for periods of time. This procedure
was not believed to influence the experimental results because the
time required to bring the wire back to temperature was negligible
compared to the total elapsed time. Upon completion of the run an
exposure was made of a drill rod of known diameter at the same focal
length as the wire. This served as a.standard for determining the
wire diameters. The wire images were measured using a modified catheto-
meter in which a foil with a 0.05 mm s1lit was incorporated in the tele-
'microscope. Using a high-intensity back Tight on the film and a light
meter attached to the eyepiece of the telemicroscope, the image width
could be obtained, and converted to a wire diameter using the rela-
t1onsh1p between the image width of the drill rod and the known drill
rod diameter. The repeatability of a single measurement was typ1ca11y
10.05 to 0.1 percent. Hills [10] reported that in uéing this procedure
a correction 15 the diameter measurements must be made due to the
.appearance of a fr1nge zone at the edges of the wire image. The thick-
ness of this fringe zone was determ1ned .to be a funct1on of the wire.
) temperature and is 1nc1uded in.the final ca]cu]at1ons for this study

Typ1ca1 results of film measurements for a s1ng1e run are p1otted |
in F1g 2 where the s]ope of the 11ne divided. by negat1ve two. g1ves the~

recession rate 1n cm/sec




Diameter, cm
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2110 C
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1 | | 1 1 s . 51 1 ]
0 1195 10760
Time, Sec

Figure 2: Typical Rate Plot for an Oxidation Experiment.




CHAPTER III
THEORETICAL MODEL

. Modeling Oxidation Rates

The term oxidation is used to define the reaction between a metal
dand oxygen in the absence of water or aqueous phase.  The oxidation of
most metals is characterized by the build-up of an oxide film on the
surface; in many cases (e.g., Al and Cr oxidation) the film acts as a
protective coating, while in others (e.g., Fe oxidation) the film s
nonprotective. Over a certain temperature range some metals including
tungsten, molybdenum, and iridium form oxide species which are volatile.
The oxidation of these metals is characterized by a-linear rate law.
From an engineering viewpoint, a factor of major interest in the
oxidation process is ‘the rate at which it occurs. In formulating a
model describing the oxidation process, each step must be considered
as potentially rate limiting. Once the 1imiting step or steps are
determined and described quantitati&e]y the rate can be predicted.
For the specific case of iridium oxidation in naturally convected COp,
a reasonable sequence of events based on éarlier work is as follows [2]:
1) Oxygen production from Co,.
2) Adsorbtion of the free oxygen onte the metal surface.
3) Reaction of the oxygen witﬁ'thé.solfd material on the surface.
4) Desorbtion of the ox{de spécie or species -from the metal

surface.
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5) Diffusion of the oxides thrbugh the boundary layer away from

the metal surface.

Theoretica] Model for the Rate of Oxidation of Iridium

Wimber, et al [9] formulated a model for the rate of iridium oxi-

datipn assuming the vaporization of Iroz(g), Ir03(g) and Ir(g) and their

subsequent diffusien through the gaseous boundary layer surrounding the
material as the contrd]]ing step.. The model correlated we]J‘thh

experimentally measured recession rates of .iridium wires 4n naturally

- convected air and oxygen and in forced convection air and oxygen.

As mentioned previously, the model is a synthesis of two separate
models, one which held for the.hjgher pressures assuming diffusion of
the oxides through the boundary layer as the contro]]ing'gtep, and the .
other, for the 1ower pressures, assuming vaporization of the oxide
speciés as the controlling step. The basis for each.mode] and the man-

ner in which they are combined into:.a single equation are summarized

zbe1ow.

" Both models assume each of the oxidatien reactiens is at equili-

brium.b Over -the temperature and préssUrefrange considered thé dominant.

" reactions can be written:




K 12

2
X <~ . Ay
Ir + QZS > Ir02(g)5 . ‘ (]}
K3 . ‘
Ir +3/2 055 Irog(e)g - (2)
Ir £ Ir(g)g | (3)

where the subscript S denotes conditions at the selid beundary, -and Ko
‘and. K3 are equ1]1br1um constants. for each reaction. |
The oxidation rate is expressed 1n terms- of the recession rate of
the surface of the iridium wire. To avoid duplication, the recession
rate due to the formation of only one of the oxide species, IrOz,
w111 be derived. The derivations for the recession rates due to the
formation of IrO3 and Ir(g) are essent1a11y the same
| Equat1on (1) represents the overall react1on and can be broken
down 1nto the process whereby oxygen is adsorbed onto the surface,
creating a potential site for the oxidation reaction, and the vapori-
zatton'ef the IrO2 molecule. Assuming equilibrium between the oxygen
and the metal surface3 the following reactton equation can be writteh:'
kb o o
5% 1oyl W
| kg
‘where l$2 represents the ent1ty at the sites where the vapor spec1e may

form. The net recess10n rate due to the format1on and vaporizat1on of

IrO2 may be expressed as:

Xgp = Alkyr Cgp = kop Pag) | | EOR
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where kSZ is the surface recession rate'with units of length per time;
P25 is the partial-pressure of IrOé(g) at the interface, Csz_is the
concentration of the 132 entity, A is an equivalent weight (haviiig the
units of mass of iridium consumed per mole of oxide species formed)
divided by the density of iridium, and sz and k2b are the forward and
reverse reaction rate constants fof the'reaction given by Eq. (4).
Assuming the forward and reversé reactions as given by Eq. (4)

are e1ementary, allows first order rate equations to be written for
.each reaction. Solving for k2b in terms of sz and sUbstitgting back

into Eq. (5) gives ,

where.P02 is the oxygen partial pressure.

The quantity sz CSZ is the vaporization flux and from the KnudSen
-modification of the Heftz—Langmuir equation [11]; the following result
is obtained: o

-1/2

: where M2 is the molecular weight of Ir0,, R is-the ideal gas constant,
and T is the absolute temperature of the metal. Equation (7) 91Ves
the flux in moles of vapor mO]eculés per unit area pér:time and substi-

tution into Eq (6) yields:

Xsp= Mg Py, (2wM2RT)']/2 O - Ppg/(Ky Pg)] (8)
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For the diffusion control model, the rate of molecular diffusion
through the boundary layer is proportional to the oxide pressure gra-
dient across the boundary layer. Since the experimental apparatus
provides a continuous flow of the oxidizing gas threugh the cell, it
is assumed the partial pressure of the oxide species outside of the
boundary layer is negligible compared'to the partial pressure at the
interféce; the diffusion flux is then equal to the product of the mass
transfer coefficient.and the partial pressure at the inner surface of
the boundary layer. = Thus the recession rate due to the diffusion flux
can be expressed by

Xoz = Akgp Pos | 9

where kGZ is the mass transfer coefficient for Ir0,. - |

Assuming negligible rates of reaction between the oxides and the
matrix gas allows equating kDZ to kéZ' Selving for st and Qubstituting
the results baek into Eq. (9) yields the following:

-1/2
Akgp KoPy,, (2nM,RT)’

).(=).( =X. = N
2~ "p2 T "s2 77 ‘ (10)

sz + (ZﬂMzRT)
where kz is the recession rate due to the formatjon of Irdz. Equation
(10) should be valid for all pressures. Similar exbréssions are ob-

tained for k3 and kM’ the recession rates due fo the formation of _

IrO3 and the vaporization -of the iridium metal respectively. Assuming
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each of these mass transfer processes operates independently, the total

" recession rate becomes

X

Xy + X3 + Xy ' (11)
or
-1/2
; szKzPoz (2mM,RT) k
X=A .+
172
kep * (2nM,RT)

3/2 y-1/2
G3K3P02 (2wM3RT)

kgs * (2nM3Rf)']/2
<172 | |
72 , - 2

, KarPu(2HRT
kg * (21M,RT)

where the subscript 3 refers to the ir03(g)'ahd the subscript M ﬁéférs-
to the Ir(g).

Equation (12) was, used by Hills [10] to predict recession: rates
in air and oxygen as a function of temperature and oxygen pressure,
and with appropriate modification was applied in the present study to

predict recession rates in-COz.
The mass transfer coefficients for each of the diffusing species

in Eq. (12) were calculated using the Chilton-Colburn equations [12]:

‘ 2/3 '
k.. = hP , cppD\/'i - (13)
Gi RchppPBM k :

where the subscript i refers to the ith specie, h is the film coeffi-

ciént for convective heat transfer, P is the total system pressure, cp

is the specific heat of the COZ’ Tf if the absolute film temperature

(taken as the average of the wire temperature and the ambient temp-
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erature), PgyM is the logarithmic mean of the pressures ofthe CO,
at the inner and outer edges of the boundary layer, o is the density.
of €0y, k is the CO, thermal conductivity and Dvi is the'gaseous
diffusivity for the ith specie. The 002 properties used were valid
at the film temperature. The Chilton-Colburn equations used in ob-
taining Eq. (13) are valid for Prandtl numbers (cpu/k, where u is the
co, viscosity) in the,kange of 0.6 to 100 and Schmidt numbers (u/pDv{)
in the range of 0.6 to 2500 [13]. In the present study, the Prandtl
numbers ranged from 0.750 to- 0.785 and the Schmidt numBers from 0.54
to '1.70. The lowest Schmidtfnumbers;f511ing;s]ightiy outside the
recommended range should not cause serious efror in the diffdﬁivities.

The film coefficient, h, was calculated from the Madden-Piret
[14] equation for heat transfer from horizontal wires:

h 2 (14)

W= s Cy(BkyA)/xuc Ty ¥ TID) E Can(T D) ¥ ot
Qhere ' | |
k ' k '
C, = w2, =4 - (1), (16)

vy is the CO2 specific'heat ratio, A is the CO2 mean free path, D is the
wire diameter and o is the thermal accommodation coefficient for energy
exchange between the iridium surface and the CO,. . In Egs. (15) and (16)

kw a is the 002 thermal conducfivity evaluated at the mean of the~temp-
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eratures of the wire (subscript w) and the ambient (subscript a).
Similar éefinitions apply to kw,x and kk’a where the A subscript refers .
to one mean free péth away. froﬁ the wfre. The first two terms in the
denominator of Eq. (14) dominate at low pressure whereas, C2¢vis the
domfnant term at higher pressures. Wimber [9] experfmenta]iy deter-
mined ¢ to follow the relationship .
¢ = an[8.87 Ra"0-35%(7/1a)=0-464; | - (17)
where Ra is the Rayleigh number given by
Ra = go°D8c [aT1/ (k) | (18)
where g is the gravitational acceleration, B is the coefficient of
expansion for C02 (8 equals the reciprocal of the absolute temperature
for an ideal gas) and AT is the temperature difference across the
‘boundary layer.: |
The gaseous diffusivities, Dvi’ were calcualted according to the
Wilke-Lee modification of the Hirschfe]der-Bird-Spdtz-equation [15]
using a value of 33 cé/g-atom [16] for the atomic volume of iridium
and a va]ué-of 1.92 times the absolute mé]ting temperature of the oxide
species for the interaction energy [15].
The bartia] pressure of iridium metal was ca]cu]atedlfrom the
empirical vapor pressure equation of Honig and Kramer [17]:
“Log(Py) = 8464.67/T + 65.5812 Log(T) |
- .0100272T + 5.44981T2 N L)




"-”ff d1scussed 1ater (see Chapter V).
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where PM is the vapor pressure in torr. 002 phbperties were optained

from the NBS Tables [18] and from Kays []9] o
The ream1ng1ng 6 unknowns needed to apply Eq (12) (i.e., C1,»C2,
' K],.KZ, and the ox1de melting temperatures) were assumed or fitted to
the experimental recession rates using Ed. (i2) by Winber, et al [9].
C] and 02 were~expressed as functions of temperature as follows:

€y = 180.03 - 0.23691T + 1.0005 X 10712 |
- 1.2217 X 10'8T3 + 5.4490 X 10"3 4 (20

C, = 1.538 - 5.397 X 10747 % 1.366 X 10712 (21)-

_ ‘lThe dxide melting temperatures were assigned a'comﬁdn'value‘df
1627 C (1900 K) when it was observed that the overall resn]ts were
ne]etive]y insensitive to the pahtieu1ar temperatures seleeted.
o Ky and Ko were eValuated from-the free energies ot'each«dxide
"specie, Egqs. (22), (23). :
AF;[iroz(g)J = 11295.16 - 20.50737T + 1.397062 X 107212
" -4.220806 X 10'5T3 +4.770036 X 107014 (22)
AR 1r04(g)] = -19265. 59 + 35.50124T - 2,445677 X 10 2T2
' +7. 472224"X 10‘6T3 8. 539786 X 10']0T4 (23)4
Equat1ons (22) and (23) are p]otted 1n F1g 3 a]ong w1th resu]ts from

' . other workers [6 20] The unexpected shape of these curves w111 be

il
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CHAPTER 1V
RESULTS AND OXYGEN PRESSURE CALCULATIONS

Experimental Results

Experimentally determined recession rates are presented in Figs. 4;
5 and 6 using different symbols to represent data taken at the various
temperature levels. The specific. temperature and pressure for each
data point are'given in Table 4 in Appendix A. The solid lines in
Figs. 4, 5 and 6 are the results of recession rate calculations using
the theoretical model, Eq. (12), and the methods described in the

following section to determine the oxygen concentration at the gas-

"solid interface.

Calculation of Oxygen Partial Pressure

The calculation of recession rates using Eq. (12) requires know-
ledge of the oxygen partial pressufe at thé gas-metal interface. In
previous work this did not present a problem because the studies were
done ﬁn oxygen or air where the oxygen partial pressure was immediately
given as either the- total- or é constant fraction of the system pre;suré;

Oxidation in.CO2 can only occur if GOé decomboses and forms oxygen

as one of the reaction products. - Based on the free energies associated,'

with possible 002 reactions virtually all available oxygen was assumed

_ to be produced according to the reaction given by Eq. (24).
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Figure 4: Experimental and Theoretical Results
Assuming Local Equilibrium for CO2 Dissociation.
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2€0, 5 2C0 + 0, (24)
Oxygen partial pressures were calculated for Eq. (24) éssuming
Tocal equilibrium at the wire surface and using the wire temperature
to determine an equilibrium constant. Since the reaction is assumed
to take place only in the immediate vicinity of the wire, oxygen may
diffuse away from the wire without reacting with the metal. Under

steady state conditions the process may be represented as in Fig. 7.

A5
co > N
o co
Wire Ir03(g) > N3
«»Ir(g) = NM
. _Boundary
Layer >

Figure 7: Reactions at Gas-Metal Interface.

where NCO’ N02, N2, N3, and NM represent the mole flux of each of the
species through the boundary layer and each has units of moles per unit

area per time. A molecular balance for the oxygen results in the
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following relationship:
Neo = 2N02 + 2N, + 3Ng {25)
As discussed in Chapter III; Eq. (25) can be written in terms of
the partial pressure of each specie at the interface: That is:
kcoPeo = 2Kao,Po, * ZkgoP2 * SkgaPy - (28)
Cdnsidering the tofa] system pressure as the sum of the partial
. pressures results in

P =P+ P02 + PCOZ +AP2 + Py + Py (27)

where again PM is the known partial pressure of the vaporized iridium
and P is the total system pressure. At equilibrium the dissociation

reaction gives the following relationship:

2
~Po, Peo o
Ky = ——— S (28)
P.. 2. . ' 4
€02

l where K] 1s”the equilibrium constant and each of the pressures is the o
'partié] pressure at thé‘interface. Aséuming that,eaéh of the oxidation.

reactions.is'af‘eﬁuilibrium yields: | |

ﬂ o ,’n | o

Ky = —6;? Cand - Ky = =7 _ ‘(29)9 ‘39)1 .

The five equations, (26), (27), (28), (29) and (30), in five

qhknowns, Png PCO"PCOZ’ Py apd P4, were go]veq numerically using a- N
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Newton-Raphson iterative scheme. The calculated oxygen partial pres-
sures were substituted in Eq. (12) to give theoretical recession rates
which wére compared with experimental results. The égreement was not
satisfactory; the predicted recession rates exhibited slight 002 pres-
sure dépendence while experimental recession rates increased signifi-
cantly wifh increasing CO2 pressure aé evidenced in Fig. 4. The model's
insensitivity to CO2 pressure is in accord with LeChate]ier's principle
which implies that for Eq. (24) at fixed temperature, increases in the
Coé‘pressure do not result in proportional increases iﬁ the oxygen
pressure. Since simultaneous diffusion of several gases through a
stagnant gas can alter the diffusivities of each, calculations using
md]ticomponent diffusion theory [21] were made toltest the magnitude
of the effect on the previous result. A change of less than 5% was
observed indicating independeﬁt diffusion of eaéh gas through the
boundary.]ayet was a reasonable assumption for the existing experi-
mentgl.conditio;s.'
The above resu]ts‘suggest the assumption of local equilibirum for

the CO2 dissociation is not va]id.',Consideratibn was next directed
. toward CO, dissociation as the rate Contré]]ing process. - A standard
rate control model was not consistent with the observation that at the
higheét pressure, 1.3 atm:(1000 torr), the édui]ibrium model (Fig. 4)

predicted a lower oxidation rate than was observed experimentally.
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Since the equilibrium assumption should give an upper bound for the
amount of available oxygen, a.rate 1imiting model should predict an
even lower oxidation rate and hence not agree with the experimental
results. However, the physical aspects of the study (i.e.; the dis-
sociation of C02 only near an 1ridiﬁm wire) suggest that the wire may
assist (other than as a heat source) in -the €0, dissociation. '

One way to take into account the wire's physiéa] presence was to
assume that’CO2 molecules dissociated upon hitting the wire with a
certain minimum amount of energy which was governed by the molecules’
velocity and -incident angle of co]]ision. The -minimum velocity and
allowable incident ang]e were treated as unknowns to be fitted to the
data, using the kinetic gas theory [22] and the Maxwell-Boltzman vel-
ocity distribution. An equation for the ﬁumber of CO2 molecules
striking é unit area of the wire per time with a ve]ocity above the
unknown minimum and within the allowable incident angle was derived

but comparison with experimental results produced an unsatisfactory fit

- and the approach was discarded.

. Iridium's chemical similariﬁy-tb platinum suggested a.SeCOnd
manner in which the Wire may influence the-CO2 dissociétion. Since
p]atinum'group elements have been knowﬁ to act as cata1ysts in several
reactions [23], an attempt was made to consider a caté]ytic type
process for the dissociation of:CO2 Eodp]ed with diffusion of the

reaction products through the boundary layer. The general theory of -
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catalysis is Timited from a quantitative standpoint and furthermore,
no specific information for €0, on iridium could be found in the
lTiterature.” In order to simplify the mqthematics, the €O, dissociation
was éssumed‘to be governed by a simple rate equation as shown:

R = k(T)[C0p] ° (31)
where R is the rate of the reaction in moles/sec, fhat is, the number
of moles of co, which undergo dissociation per second, k(T) is the
reaction rate constant, a function of temperature, [C02] represents the
C02 concentration and o gives the order of the rate law and was assumed
constant. Again the situatien is asdepicted in Fig. 7 with the disso-
ciation reaétion going only in-the forward direction. It is assumed
that the products qf this reaction are removed by diffusion thrdugh
the boundary layer at a rate which is fast enough to allew the disso-
ciation to proceed at a constant rate for a given temperature and
pressure. Thus, the moie flux of thé CO must be proportional to the
rate gt which the disseciation reaction proceeds. This' can be expres-.
sed as a ' ,

Neo = E(T)‘PCOZC‘ | - (32) |
where k(T) is the modified rate constant which takes the units necessary'
to give moles/cm-sec on the left ?f Eq. (32); the concentration from
Eq.’(31) fs given in terms of the partial pressure of COé, which is

taken to be the total system pressure.
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Once Neg is found Eq. (25) becomes
Neo = k0,0, * ke2P2 * Kg3P3 | (33)

Eq. (33) together with Egs. (29) and (30) gives 3 equations with 3
uhknowns to be solved numerically. | '

Since no information could be found regarding o and k(T), these
were treated as unknowns to be fitted to the data. A simple linéar
regression was applied to the data from each of the three temperatures
individually to fjnd an optimum value for K(T) and o at the témpera—

- ture. This gave optimum values of o ranging from-0.44 to 0.48. A1l

the data wés_then run with ¢ being stepped through the prescribed range.
Optimum k(T) values were.found for each temperature at each value of o
and the standard deviations calculated. By minimizing the sfandar&"
deviation, an optimum value of o was found as well as optimum values

. for k(T). The results which agree reasonably well with.the,experi-
mental data ére presenfed in Table 1 and Fig. 5.

Although fhe'pkocedure described above predicted recession rates
which were all within a factor of two of the experimental results, the
'modél.did not follow the data trend at the highest pressure. The
possibility.thaf Eq. (32) does not hold for the highest pressﬁré'(éee
Chapter V) suggested repeating thé‘search for o and_E(T) wftﬁoﬁt in-
cluding the highest pressure data. This resulted in a mindr change.

. in o and more sighifiéant changes in the réte constants which had the
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effect of shifting the curves upward to give good agreement at least

for the three lower pressures. These results are presented in Table 1

and Fig. 6.
TABLE 1
Values for Unknowns in Rate-
Equation for 002 Dissociation
For'Theoretical ‘For Theoretical
Results in Fig. 5 Results in Fig. 6
o =0.48 - o = 0.46
k(2260 €) 1.417 x 1074 1.698 x 1074
k(2110 €) 6.037 x 107° 7.629 x 107°
' 5

k(1965 C) 4.035 x 1072 6.061 x 10




CHAPTER V
DISCUSSION

Errors in Theoretical Predictions

Average percent errors are given for the two models represented by

Figs. 5 and 6 in the table below.

TABLE 2

Average Deviation of Theoretical Equations
From Experimental Data

Wire Temp. Average Percent Deviation
(°C) Fig. 5 Fig. 6
(w/o highest press.)
2260 31.5 4.7
2110 27.6 7.9

1965 40.5 27.0

The disparity befween the model and the data at the highest pres-
sure is not easily explained because of the many unknown variables
in?oived.but two suggestions may be offered. Eq. (31) is valid only
at conditions far from equilibrium, and the dissociation reaction may
have moyed near an equilibrium situdation at the highestﬂpressure. As

the system pressure is increased, -the diffusfvities, and hence, the
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mass transfer coefficients for all species decrease causing more CO and
oxygen to remain at the interface. As the dissociation products build
“up the reverse reaction rate increases and equilibrium is.reached. It
is also possible that o is not pressure independent as was assumed [24].

| Figs. 4, 5 and 6 were plotted using an average value for the wire
diameter of 0.49 mm. No "standardization" of the wire diameters for
the experimental-data, as had been done previously [25], was attempted
because no strong correlation existed between recession rate and wire

-diameter.

Comment on Free Energies of Ir0, and Ir04

The high-temperature minimum and maximum observed in the plots of

the free energies of Ir02 and Ir03; Fig. 3, are commented dpon by
“Wimber [9] in the following fashion: "“If the minimum and maximum

are real, changes in the AS¢° values would be associated with reversals
‘:in the s]opes‘of the curves and would be difficult to explain". It is
‘suggested by the present author that there may be another set of points
(one for each free energy ‘curve) that would be more in keep1ng with the
: s]opes estab11shed by the first four points on each curveﬂbut still
give satisfactdry correlations between the.mbde1 and the data. Since'
the curves are fitted to data which represents the sum of the two
' ox1dat1on reactions, it is conce1vab1e that at the h1ghest temperature

tn1s same sum could also be arr1ved at by us1ng a larger value for




33 ‘
AFf°[Ir03] (which would result in less IrO3 produced) and a correspond-
ingly smaller value for AFf°[Ir02] (resu]tjng in more IrO2 produced). |
Since the computer progrém used to optimize the K2 and K3 values was
not available, a simple tesf was devised to determine the validity of
. the above hypothesis. A siraight Tine was fitted through the first
four points on each curve and the resulting equations were used to
extrapolate free energies at the highest température. The new free
.enérgy equations are: |

AF°[Ir0,] = 44.979 - 0.0080119T (34)

.AFf°[Ir03] = =5.784 + 0.0145377 ' (35)

The data to which the free energies, Eqs. (22) and (23), had
originally been fitted was still available as was a program which
_ compared this data to recession rates given by Eq. (12). The free
energy equations in this program were replaced by Egs. (34) and (35)
and the program run using‘the oid data. The results for some of the
highest temperature runs (those for .the other temperatures béing
essentially unchanged) are comparéd in Table 3. The new equationé
weré not expected to improve the .correlation, sinée in all pkpbabi]ity
EqQs. (22) and (23) do represent a "best fit", but it was hopéd'that
the correlation would still be reasongb]e whigh appears to bg the
éage. The results are even more reasonable when it is considered

" how sensitive the model is to changes in.the free enérgies. A 10%
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change in the free energy for IrO3 at the highest temperature results.

in a change greater than 60% in the recession rate due to thé formation

of Ir03.

For the present study Egs. (22) énd'k23) were used to calculate
the free energies. Agé{n, since it is only the sum'of'the.oxidatfon
rates reflected in the data,’these equations should work reasonably
~well to give the correct sum as they Seem’tb have ‘done “in the previous

studies.
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TABLE 3

~ Comparison of Results Using Linear Free Energy Equafions

Run Exp. - Theoretical Rate Theoretical Rate. ,
No. Rate (cm/s) Using Egs. (22) & (23) Using Egs. (34) & (35)
32# . 5.25E-07 5.02E-07 5.02E-07
344 8.11E-07 5.02E-07 5.02E-07
37# 7.17E-07 5.04E-07 5.07E-07
38# 8.39E-07 5.17E-07 - 5.36E-07
39¢# 6.73E-07 5.82E-07 6.81E-07
414 9.34E-07 7.58E-07 1.06E-06
44% - 1.60E-06 1.34E-06 1.83E-06
46#  2.24E-06 2.20E-06 2.51E-06
48# 2.82E-06 - 2.77E-06 " 3.17E-06
92% 7 .36E-07 4 .87E-07 4,10E-07 -
96* 6.47E-07 4,87E-07 -4 .11E-07
100* 8.40E-07 5.07E-07 "4 ,38E-07
103* 7.43E-07 5.87E-07 5.47E-07
106* 8.38E-07 6.87E-07 6.77E-07
- 110% 1.42E-06 1.79E-06 2.38E-06
116* 5.55E-06 4,17E-06 6.43E-06
120* 1.26E-05 9.35E-06 1.26E-05
125* 3.43E-05 2.78E-05. 2.58E-05
Average Percent Error. - 21.0: . 27.0

(Using A11 Data) .

# Indicates data from natural convection in air,. ..
*-Indicates data from natural.convection in oxygen.




CHAPTER VI
SUMMARY

The oxidation rate of the irfdihm‘wires in naturally convected -
CO2 was assumed to be controlled by three stebs:‘ o
‘ ]) . The kineticly controlled production of oxygen from COZ'
2) The rate of vaporization of the oxide species, IrOz(g) and
Ir05(g), and Ir(g) from the 1r1d1um surface.
3) The‘rate of d1ffus1on of the oxides and Ir(g) -through the
| boundary layer. B |
A mode] was developed to predibf the amount of oxygen available
for the oxidation reactions at the gas- so11d 1nterface This mode]
was used in conJunct1on w1th a prev1ous1y der1ved model for the
_Vapor1zat1on/d1ffu510n-contro] of iridium oxidation.
| Experimenta1 data was co]iected for iridium wire temperaturesf
- of 1965 2110 and 2260 C (2238, 23832nu12533 K) in CO2 atmospheres

"2, 1.32 x 107 and 1.32 atm (1, 10, 100

of 1.32 x 10 , 1.32 X 10°
" and- 1000 torr). The theoret1ca1 pred1ct1on agreed well w1th the'

‘exper1menta1 results for the three 1ower pressures
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TABLE 4

Experimental Data

Run  Wire Temp. Press. Wire Diam. Experimental Calculated

.75E-07

No. {C) (torr) (cm) Rate (cm/sec) Rate (cm/sec)
L] 2260 1000 0.0445 1.54E-06 3.13E-06
2 ' - 0.0488 1.32E-06 3.14E-06
3 0.0467 1.35E-06 3.13E-06
4 : 0.0508 1.61E-06 3.14E-06
5 100 0.0443 8.56E-07 7.98E-07
.6 - 0.0494 8.02E-07 7.98E-07
7 0.0465 7.56E-07 - 7.98E-07
8 . 0.0445 7.41E-07 7.98E-07
9 .10 0.0498 2.88E-07 2.93E-07
10 0.0480 2.86E-07 2.93E-07
11 0.0463 3.09E-07 2.94E-07
12 0.0447 3.05E-07 2.96E-07
13 1 0.0444 2.83E-07 3.25E-07
14 0.0486 3.20E-07 3.16E-07
15 _ 0.0438 3.24E-07 3.26E-07
16 o . ' 0.0483 3.43E-07 3.17E-07
17 2110 1000 0.0484 - 4.81E-07 9.20E-07
18 . 0.0460 5.08E-07 9.19E-07
19 0.0466 4.89E-07 9.20E-07
20 : 0.0487 4.71E-07 9.20E-07
21 ~ 100 0.0492 3.36E-07 2.88E-07
22 - ’ 0.0479 3.01E-07 2.88E-07
23 - 0.0459 - 2.85E-07. 2.88E-07
24 o 0.0427 2.78E-07 - 2.89E-07
25 - ' - 10 0.0490 9.50E-08- . 9.97E-08
26 ) ' ' 0.0469 - 9,75E-08 9.97E-08 .
27 . 0.0487 9.38E-08 9.97E-08 .
28 . 0.0467 9.79E-08 - 9.97E-08
29 1 0.0464 4 .63E-08 .6.06E-08
30 - 0.0444 ~6.34E-08 - 6.11E-08
31 0.0486 - 4.79E-08 " 6.00E-08
32 - . - 0.0462 - 5.16E-08 6.06E-08
33" 1965 1000 0.0470 1.46E-07 4.27E-07
R ' | 0.0482 1.70E-07 4.28E-07
0.0453 }.87E-07 '2.27E-07."
.0

.0424 " .26E-07 -
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TABLE 4 (Cont.)

Run  Wire Temp. Press. Wire Diam. Experimental .Ca]cu]ated

No. (C) (torr) (cm) Rate (cm/sec) ' Rate (cm/sec)
37 1965 100 0.0491 1.09E-07 1.18E-07
38 0.0473 1.03E-07 1.17E-07
39 0.0459 1.23E-07 1.17E-07
40 0.0427 1.11E-07 1.17E-07
<. 4] 10 0.0445 3.75E-08 3.65E-08
42 0.0485 4.11E-08 3.66E-08
43 0.0446 4.11E-08 3.66E-08
44 0.0487 3.82E-08 3.67E-08
45 1 0.0493 6.95E-09 1.30E-08
46 0.0465 7.64E-09 1.30E-08
47 0.0490 8.51E-09 1.30E-08
48 0.0476 8.12E-09 1.30E-08 -
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THIS PROGRAM’' CALCULATES RECESSION RATES USING THE
COMBINED KINETIC» DIFFUSION CONTROL MODEL AND
COMPARES THE RESULTS WITH THE EXPERIMENTAL VALUES
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VARIABLE LIST

NCO - CO FLUX THROUGH BOUNDARY LAYER _
ID2,ID3-1IDS»IDM - COLLISION INTEGRALS USED IN CAL-
CULATING GASEOUS DIFFUSIVITIES

KG2,KG3>KG5,KGM - MASS TRANSFER COEFICIENTS

K - THERMAL CONDUCTIVITY OF CO2

MU - VISCOSITY OF €02

- LAMF - MEAN FREE PATH FOR CO2 MOLECULES

M1,M2,M3,M5-MM - MOLECULAR WEIGHTS

NUF - NUSSELT NOo.

G - ACCELERATION DUE TO GRAVITY

R - IDEAL GAS CONSTANT

TM - MELTING POINT TEMPERATURE FOR OXIDE SPECIES

R12>R135sRIM>R155E12K» E13Ks EIMK,» E15K - TERMS IN
GASEOUS DIFFUSIVITY COEFS (CF PERRY 4TH ED)

JD - WIRE TEMPERATURE INDICATOR

PT - SYSTEM PRESSURE IN TORR’

DiaM - MEASURED WIRE DIAMETER

XEXP - EXPERIMENTAL RECESSION RATE

RATE - KINETIC REACTION RATE CONSTANT (TEMP DEPENDENT)

CP - SPECIFIC HEAT OF €02

GAM - SPECIFIC HEAT RATIO FOR CO2

T - WIRE TEMPERATURE (DEG K)

P - SYSTEM PRESSURE IN ATM

TC - WIRE TEMPERATURE (DEG C)

CF - CORRECTION FACTOR FOR WIRE DIAMETER

D - CORRECTED WIRE DIAMETER

TFK - FILM TEMPERATURE (DEG K)

Z2,723-ZM - TERMS IN VAPORIZATION FLUX

RHO - DENSITY OF CO2

V2,V3sV5,VM - TERMS IN GASEOUS DIFFUSIVITIES

. BETF - COMPRESSIBILITY FACTOR FOR CO2

RAF - RAYLEIGH NO.
CN»CW - TERMS USED IN CALCULATION OF NUSSELT NOo
HC - FILM COEFICIENT .

 DLF2,DLF3 - FREE ENERGIES FOR OXIDES
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K2,K3 - EQUILIBRIUM CONSTANTS

PM - PARTIAL PRESSURE OF IR(G)

A -UNITS COEF.

ALPHA - EXP IN RATE EQUATION

P02 - PARTIAL PRESSURE OF @2

XDOT - CALCULATED RECESSION RATE

PERD - PERCENT DEVIATION

DIMENSION RAT(3)

REAL NCO

REAL ID2,ID3s1DM

REAL IDS5sM5,KGS

REAL KoMULAMFsM1,M2,M 3, MMs KNy K2, K35 NUF»> KG2» KG3: KGM
FCU)=NCO-2%KG5%P*ALOGCP/ (P=U) ) ~2%K G2#K 2% -
&3%KGI*K I*Ukx1.5

F1CU)==-2%KGS*P/ (P=-U) - 2*K62*K2 S*KGS*KS*I.S*SQRT(U)
RAT(1)=EXP(-8.681)

RAT(2)=EXP(-9.481)

RATC(3)=EXP(-9.711)

G=980.22

R=82.056

Mi=44.01

M2=224.2

M3=240.2

MM=192.2

MS=32

TM=1900

R12=4.2895

R13= 4. 4455

R1M=3.8905

R15=3.7145

E12K=SQRTC190% 1924 TM)
E13K=SQRT(190%1.92%TM)
EIMK=SQRT(190%1.92%2727)

E15K=144.66

K=1.9645E=-4

DO 180 JK=1, 48 -

INPUT JDsPTs> DIAM, XEXP

RATE=RAT(JD)

GO TO (15253)»JD

T=25333MU=4090@76E- 43CP=-314133GAM=1.16793G0 TO 4
T=23833MU= 4. 7282E~ 43 CP=+311473GAM=1+175G0 'TO 4
‘T=22383MU= 4. 5528E~ 43 CP= °308623GAM-1.1707
P=PT/760 ‘

TC=T-273
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CF=27.2832--0513385722%TC+3.73412615E~ 5% TC#%2

&= 102005219 4E- 8*TC**3+1-43929059E-12*TC**4
D=CF*DIAM .

XEXP=XEXP%CF#*1<E=7

TFK=(T+281)/2

Z2=44.3%SQRTC1/M2/T)

Z3= 440 3% SQRTC1/M3/T)

ZM= 44+ 3« SQRTC1/MM/ T)

RHO=.5363%P/ TFK ,

LAMF=1.7039E~-3%MU% SQRTC(TFK) /P

V2=TFK/E12K

V3= TFK/E1 3K

VM= TFK/E 1 MK

V5=TFK/E1 SK - '
ID2=EXP(~+3095824-0567702108%AL0OGCV2)++. 19873582 4%
&CALOGIV2) ) %42~ ¢ 43292567 TE=-1%CALOGCV2) ) %% 3+
&0 35774362 7TE-24(ALOGCV2) ) %% 4)
ID3=EXP(-+3095824-.567782108%ALOG(V3)+. 19873582 4%

&CALOGCV3) ) %% 2= 43292567TTE-1%(ALOG(V3) ) %% 3+

&« 35774362TE-2%(ALOGC(V3) %%k 4)

IDM=EXP(~ 30395824~ «567702108%ALOG(VM)+ 19873582 4%
ECALOGCYM) I #x2=- o 4329256 TTE-1%C(ALOG(VM) ) #% 3+

& 35774362TE-2%(ALOGCVYM) ) k% 4)

ID5= EXP(--3095824--5677@21@8*ALOG<V5)+-198735824*

&CALOG(VS) ) k#2-04329256TTE~ 1% (ALOG(V5) ) %% 3+

&e357T743627TE-2%4(ALOGC(VS5) )Y %%k 4>
DV2=(10e 7-2046%SART( 1 e /M14+1+/M2) )% ]+ E~- 4% TFK
&% e SXSART( 106 /MI+]1/M2)/P/R12%%2/1D2
DV3=(1Q. 7'2046*SQRT(lo/Ml+lo/M3))*loE‘4*TFK
&%% 10 SHSQARTC(1/M1+1./M3)/P/R13%%2/1D3"
DUM=C1@e¢ 72 46%SARTC(1e/M14+1/MM) I %1 e E~ 4% TFK
&%% | e S%SART(1e/M14+1e/MM)/P/R1M*%2/1DM

. DV5=(10e7-2¢ 46%SART(1/M1%+1/M35))*1cE~ 4% TFK

&*%1 ¢ S*SQRTC(1+/M1+1+/M5)/P/R15%%2/1D5 -
BETF=1/TFK
RAF=G%*BETF#RHO% %2 ( T- 281 )% D#%3%CP/MU/K .
CN=180+.0273-2 36913E-I*T+1 POB4SBE=- 4% TH#2~ 14 221744E-8

&4 T4k 3 .

&~50 449E~13%Tk% 4
CW=10538=50397TE~4%T+1e366E~T*T*T
KN=LAMF/D
NUF= 2/(CN*S*K*GAM*KN/MU/CP/(GAM+l)+CW*ALOG(8 87%

&RAF#%(=e354)%CT/281)%% (<0 464)/C1+2%KN)))
HC=NUF*K/ D '
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K G2=HC% ( CP#RHO%*DV2/K) %% (2. /3.) /R/TFK/CP/RHO
KG3=HC#( CP*RHO%DV3/K)*%(2+/3+) /R/TFK/CP/RHO
KGM=HC#* (¢ CP*RHO*DVM/K)%%(2./3+)>/R/TFK/CP/RHO
KGS=HC#( CP*RHO*DVS/K)*%(2./34+) /R/TFK/CP/RHO

DLF2=11295.155-20. SG737*T+o@13970621*T*T-4«22@8¢64E-6*

ET#%34+ 4. TTOB3I6E-1@%Thk%x 4

DLF3==19265+ 59 4+35. 5@1236*T'0024456773*T*T+7 47222 42E-

&6%TH%3=-8+ S39788E-10%Tx% 4
K2=EXP(-DLF2%10@0/1-9872/T)
K3=EXP(-DLF3*%1000/1.9872/T)

" PM=(10%%(~8464.6T7/T+65. 5812*ALOGIG(T)-o@10®272*T+

&5 44981 E~T*T4%2~200.997>)7760

A=192.2/(22657/(l o+ 66463180B5E~ S*TC-0268733818E 9% TCH*

&2+1+53331753E-12%TC%#%3- 0+ 350592036E~ 1 5% TC#% 4) %% 3)
ALPHA= . 4601
NCO=RATE#P#xALPHA
NL=p
NN=Q
PO2=.@5%P
31 SAVE=PO2

IF (NL «GT. 201) OUTPUT °‘CANT FIND STARTING POINT®sJK3; -

&STOP .
IF(PO2 .LTe @) NL=NL+13P0O2=NL*.@25%P3NN=03G0 TO 31
PO2=P02-F(P02)/F1(P02) ' ,
IF (NN «GTe. 2@) OUTPUT °*SLOW CONVERGENCE®s JK3GO TO
IF (ABSC(SAVE-P02)/SAVE) -GT. -00@1)> NN=NN+13GO TO
32 XDOT=A*(KG2%K2%PO2%Z2/ (KG2+Z2) +KG3#K 3% POR% %]+ 5%Z3/
ZCKG3+Z3) +KGM*ZM*PM/ (KGM+ZM))
PERD=(XDOT=-XEXP)*100/XEXP
WRITE (1085>50) JKs TCs PTsDs XEXP»XDOT> PERD

32
31

SO FORMAT (2X»1 4s3K51553X51PE8Be153Xs0PF7o 4:3(3x:1PE1@03))

. 190 CONTINUE

END

0'.0&..0...0.'...oooo:'l‘..o...lc’...'ﬂ.o'.....o-oo'.o.
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TEMP

c

2260
2260

2260

2260
2260
2260
2260
2260
2260
2260
2260
2260
2260
2260
2260
2260
2110
2119
2110
2110
2110
2110
2110
2110
2110

2110

2110
2110
2110

2110
2110

2110

DATA

(UNCORRECTED)?

e 0 0 0
“ o 20

PRESS DIAM
TORR CcM
1000 - 0468
1000 @513
1007 D491
1000 0534
100 .« D465
100 0519
100 « D489
1900 - 0468
10 .3518
10 « 950 4
10 0487
10 s 3470

1 D466
1 @511
1 - P61
1 e D507
1000 « 3505
1000 - 480
1000 « D486
1009 « 0509
100 «@514
190 « 0499
100 « 0479
100 « D446
10 «AS512
10 . M489
19 . 0509
1o @487
1 o D4B 4
1 D463
1 D507
1

e 482

e o
. e

44

XDOT
CM/S

1.622E-26
1.383E-06
1« 417E-06
1.693E-06
Be991E-07
Be 429E~B7
79 42E-07
Te792E-07
3.026E-07
3.008E-07
3.250E-07
3.208E-07
2.973E-07
3.360E-07
3 404E-87
3.603E-07
S5.B19E-07
5.304E-07
Sc104E-07
4.912E-07
3.5B6E-67
3.202E-07
2.974E~-07
2.896E-07
9.914E-08
1.018E-07
9.791E-08
1.022E-07
4.836E~-28
6¢613E-08
499 7E=-08
5.381E-08




1965

1965

1965
1965
1965

1965 .

1965
1965
1965
1965
1965
1965

1965 -

1965
1965

1965 .

.
.

1000

1000
1000
i00

- 1809

100
170
10
19
10
10

. —

1000

.
.

. 2491

<0504
cB473
0443
« @513

« 479
s D446
<465
« 507
s D465
» @509

. 0515
« 0485

0512

« D498

- e @494

45

1.527E-07
1774E-@7
1949E-07
1.825E-07
1.138E-37
1.072E-07
1« 290E-@7
1:161E~-27
3.921E-08
3.888E~08 .

| 4.298E-08
" 3.989E-08

Te263E-09

" T+9B4E-09
"'8489 1E-0A9

Bed481E-0A9

@ ® 0o 0 808 0 8 0
e e 8 0 80 0.0 0 0
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