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ABSTRACT

Exploitation of the aerodynamic heating reductions attending the
use of Space Shuttle Orbiter vehicle surfaces which are non-catalytic
to O-atom and N~atom recombination requires an improved knowledge of
the chemical and physical factors governing the corresponding reaction
probabilities y, and y,, on these surfaces at elevated temperatures.
Described herein are the results of an experimental program including:
(1) development of a laboratory flow reactor technique for measuring
v, and y,, on candidate materials at surface temperatures, Iw in the
nominal range 1000-2000K,(ii) measurements of Yy, and s above 1000K
for both the glass coating of a reusable surfacé insuldtion (RSI) material
and the siliconized surface of a reinforced pyrolyzed plastic (R?P)
material intended for leading edge service, (iii) corresponding measurement
of the ablation behavior of the coated RPP material at T < 2150K,
(iv) X-ray photoelectron spectral studies of the chemical Constituerts
on these surfaces before and after dissociated gas exposure, (v) scannine
electron micrograph examination of as-received and reacted specirens,
and (vi) development and exploitation of a method of predicting the
aerodynamic heating consequences of these y (T ) and v,,(T ) measurements
for critical locations on a radiation cooleg Ofbiter véhille. It was
concluded that while presently tested materials exhibited considerable
high temperature atom recombination activity, the potential for
achieving lower y without sacrificing high emittance exists, y~reducticns would
be especially advantageous for regions of the vehicle exposed to
appreciable N-atom concentrations,
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CAPTIONS
tion

Schenatic of duct atom recombination reactor

Computed profilés of atom concentration, pressure
and gas temperature in duct atém recombination
resators K-atom/RPP runj T, - 1120k

Texperature dependencs of O-atom recombination on
quasts; Present work

Tesperature dependence of N~atom recombination on
quarts; Present work

O-aton and N-aton ucsabiuation coefficients on the
LIV-RPP materia}; O, “v,-values; O ,0-atom reaction
probability: & Y,~values; typical experimental
condictions for O-atom runs: argon flow:260 cc-atm/min,
~0, flow: 115 cc-atm/min, upstream pressure at room
téoperature: i.4 torr: gas flow wvelocity in Reactor
Section I1: 2500 cm/sec; typical experimental conditions
for N-atom runs: argon flow rate: 250 cc-acm/min, N
flow rate: 450 cceatm/min, upstream pressure at roofi

temperature: 20 torr, gas flow velocity in Reactor
Section 11: 2700 cm/sec.

0-atom and N-atom recombination coefficients on the RSI
coating material. For O-atom data: open symbols are
isasurenents taken while the wall temperature was
increasing, closed symbols are measurements taken when
the wall temperature was decreasing; O, measurements
on the first cycle; D) ,measurements on the second cycle

O » veasurenents on the third cycle. Typical experimental
conditions for O-atom experiments: argon flow: 390 cc.atm/oi

0, flow rate: 70 cc-atm/min; upsireanm pressure at room
témperature: 1.6 torr; gas flow velocity in reactor
Section Il: 2350 em/sec. Typical axperirmental conditions
for N-atom data: argon flow rate: 302 cceatm/min, N

flow rate: 303 ccecatm/min; upstream pressure at ro

temparature: 1.6 torr; gas flow vaelocity in reactor
Section 11: 2600 cm/sac

Schematic of transonic atom flow reactor u‘cd for RPP
mass loss experiments
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FIGURE CAPTIONS (continued)
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KPP coating recession rate; circles: Po. * 0.012
turr; Squares: Po. * 0.055 torr. Omnzoyabolo denote
23% dissociated gasS mixture: filled symbols derote

solecular re.:tants; dashed iine is from Rosner and -2
Alleudorf (1970a) for the 8-5iC/0 reactiocn at p, = 10
torr.

P W e AR e

RPP coating recession rate in a dissociated 0,/N
ui. ture. Dashed line is rate in absence of nitrogen

Dependence of oxidation probability of silicon carbide
PP coating on reciprocal temperature. A B = 0.11 torr;

4
A,C = 0,025 tore; @ ,E1 = 02; AA - 02/0 i
. ‘

RPP coating recession rates in stagnation arc jet tests.Q :
ase 1 " coating; + = "Phase 2° coating. f

Photomicrographs of RPP specimens af:er reactiren with
oxygen. a:* T = 1618K; b+ T = 1826K; o+ T » 2013K;
d « specimen pdefore reaction

Vapor-condensed phase equilibrium pressures in the SiC-
3102-02 systen.

Scheaatic of tlie X~-ray photo-electron spectroscopy
experiment and data analysis.

Inelastic cean free path of emitted photo-eléctrons for C W {
various sample materials :

XPS spectra of RPP coating of (a) y-sample after exposure ;

to N+ 0 atoms at 1673K and (b) mass loss sample after _ 1
axposure to O atoms at 1722K.

RST (Lockheed 0042) heated tci100K in oxygen environment

RSI (Lockheed 0042). Plasma arc jet tested at 1260°K.
(Specimen #7, Table 4.1-2)

RPP fresh coating

PP coating after exposure to oxygen molecules at 1618°K.
The top left is the product film

Photomicrograph of RPP coating after exposure to 0 atoms

at 1720°K. Note the solidified molteri layers at the sides
of the sample

BPP coating after exposure 2o 0 atoms at 1830°K. lote
the spherical nature of the particles
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PICURE CAPT10%S(continued)
’ Eeption

BPP coatinf after exposure to 0 atom at 1930K

8PP coating after exposure to N atoms at 1830K. Note the
denseness of the suria.e and the fewer nurber of cracrs.

Atom concenfration and gas temperature profiles in
the stagnation region shock layer of a hyperaoaie,
blunt-nosed body.

Approach to dissociation equitibrium in the shock

fayer of a hypersonic vehicle; flight velocity = 26 kfps:
nose radius @ 1 ft.; wall temperatute © 1500K; comparison
of prediction methods of Inger (1966) and Tong (1965). .

Dependence of radiation equilibrium temperature on atom
recoobination coefficient for al ft. nose radius body (3-dit
under conditions of peak aerodynamic heating.

Rrédicted surface temperature vs. time during the
re-gucry of al ft. nose radius Orbiter vehicle with
KPP nosc cap.

Predicted surface temperature vs. time during re-entry
for a | ft. nose radius, unsweptl 2-dicensional leading
edge of RPP material; ?Dan 1-ltnit1ng cases

*

Predicted surface temperature vs. time during re-entry ’
for a 1 ft nose radius, unswept 2-dimensional leading
edge of RPP material; F calculated using the
acdified Tong (1965) cobfBtdeion.

nt{molecular N-atom reactions within the bouadary layer

Energy -ansfer effects of bimolecular gas phase N~
atom re. lons under conditions of peak aerodynanic heating.
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1. INTRODUCTION

In an early series of papers on the asrodynamic heating of Earth
re~sotry vehicles [see, eg. Goulard (1958), Scala (1958), Rosner (1963,
1964a,b,c), Chung and Anderson ()961), Hartunian snd Thompson (1963) ]
it vas pointed out that significant reductions in peak hest transfer rates
(ca. 3-4 fold) and radiation equilidrium temperatures (‘r"(y-n = T (y=0)= 600K}
could be achieved for vehicles with appreciable asrodynanic lut*. provided
materisls could be found with low atoa recombination coefficients, v.
Indeed, 1t vas concluded that "a low atom recombination coefficient Y
for high tempersture ceramics , cermats ot vefractory metdl coatings could
pisy a role crxzparable to high emittance in contributing to tha success
of an overall design” [Rosner (1964a)]. In the intervening years the
focus of attention teoporarily shifted off glide re-entry vehicles, and,
in those caseg where radiation cooling was significant, attention vas
couflned to emittarce control additives and oxidation protection. However,
with the emergence of the NASA Space Shuttle mission it is essential to
consider proposed orbiter vehicle thermal protection system (TPS) materials
froa the point of view of their catalytic activity for exothermically

coubining incident O-atoms and N-atoms. This 1s because the required
insulation weight could be reduced appreciably if the attributes of low y
and high total smittance could be combined in the Orbiter TPS couinsu’.

+..Unfortunately, for the reasons outlined below, available literature and test

+ Vehicles with 1little or no serodynanic 1ift, depending on their ballistic

paramcter, decelerates at lower altitudes, causing appreciable atom recombi~
uation to occur in the denser gas boundary layer adjacent to the solid surface.
The abovamentioned predictions of significantly reduced heat transfer rate

to goncatalytic surfaces for chemically “frozen" dissociated gas boundary
gcyou have been verified in & number of laboratory studies - see eg.

Deriugin et al. (1964), Carden (1966), Winkler and Geiffin (1961), Pope (1968),
guung (1964) , Anderson (1973). ‘

Orbiter re-use capability and large payload capacity are central to thé
econom/.c viability of the Spuce Shuttle. Reduced outer surface temperatures
due to low y would favorably influsnce both of thase factors.

“u
i
1

P S O ——

T R e . PO T




!

- |t

=1

L VUV

0 R | 1
2 IRSNT A TR
o A BB T AL TS WS R -y - -

L bl

AP PPLLN L

cento b :&‘! ! A

-t

-

P

HUPIE, . TSI wrm 5 68 5 WP 2 K R T AN T TN SIS THED e oy

procedures fail to provide the guidance and dats required to fully

exploit this phenomenon to optimize the Orbiter thermsl protection systenm.
Pirst, available kinetic data cn O and N stom recombination on tefractory
ascumetsls do not extend to the high surfacy temperstures (> 1200K)
aaticipated during Orbiter re-entry. Second, available y=-data are lintited
to saterials <*emically tar sispler thin those 1ikely to be ezployad on
the Orbiter TrS. Third, oving in part to inadequate surface characterization
for the asterials which have beea studied, there s little understanding
of the subtie chemical and physical faitors required to achieve low recon-
bination effictlencics in newly formulatsd TPS coatings. Fimally, curreatly
used arc jet test procedures prodably 4o not faithfully simulate the nor-~
equilidbriun O and N etom concentratiocns likely to bde schieved in flight.

This report describas the results of & one-year, interdisciplinary resear:h
progran initisted at Yale University by the NASA-Manned Spacecraft Center to
develop the procedures and kncw-how necessary to assess and exploit low atom
recondbinstion probability in the design of the thermal protection systers for
future 1ifting hyperscnic re-entry vehicles of the Space Shuttle Otbicer type.
The progran was nominally divided into the four phases indicated delow:

Progras Phase " Report
Ssction
&, Duct flov reactor measurensents of y for 0 and B 2
atom recombination . .
B, Mass loss (adlstion) experiments at high surface tes- 3

peratures in 0 and N atom streams
C. Chemical and physical characterization of thermal protectica 4
systen (TPS) materisls coatings by X-rev photoslectron
spectroscopy (XPS) and scanning alectron atcroscopy (SEM)
D. Role of heterogencous atom recombination in determining
the temparature-tine heating of the vehicle surfacs

LY ]

g o




B PR A

B R N LT

T T T I GNGS (e e "

- -

A critical reviev and evaluation of alternate techniques and past
ssasuremsnts of O-atom and N-atom recombination ceefficients vas

{acluded in cvur first quarterly report (QPR-1) and will not be repeated
bere. Similarly, readers intercsted in a basic reviev of the XPS
technique, and a suzmary of recent applications to chemically characterize
solid surfacea ate referred to QPR 1 and Carlgon (1972). vhile our main concern
bas been with the development of generally applicable prozedures ( to
provide the basis for future neasurements, &s required) our attention

bas been focused here primarily on two types of candidate Space Shuttle
saterials: a reusable surface insulation (RSI) coating and che siliconsied
surface of a reinforced pyrolyzed plastic (RPP) leading edge/nose cap
macerial. Thus, the fllustrative kinetic and surface~charscterization data
reported in Sections 2-4 pertain o thuse materislo. Section 3 contains
the procedure wve have devaloped for predicting the sarodynanic heating
consegquences of yo(‘r")-dnu, and gives 1llustrative resulta based on our
Y-seasurenants on thin, “.at specimens of the RPP (leading edze

end nose cap) matertr: wip to (T1OK ( the approximate onset of apprecisble
dass loss). 2 fncluded in Ssction 5 {s a susmary discussion of (1) the

' snergy tc.asfer consequances of recombining O or N atoms to excited

produc, solecules’ and (41) bimolecular excharge reactions capable of
ecor-avting 2N into 82 within the gas phase boundary layer. Section 6

%8 devoted to & sumasry of the principal conclusions we hava reached, and
our cssessment of those aress in need of furthar work. Based on this
preliminary study, the duct reactor and XPS techniques developed and
Alluutrated herein, can play a valusble role indeed in future waterials
optimization research for hypersonic glide vehicles.

Yor & acre detailed account of ocur analysis of excited molacuie
formation/desorption/quenching, see Rosner and Feng (1973)
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2. TOW REACTOR vy =-EXPERIMENTS

2.1 Appsratus and Experimental Techniquas

2.1.1 Appatatus

A lovw pressure, fast flow duct atom reconbination raactor hus
beea constructed using the design criteria that were discussed in
Section 3.3 of QPR 1. The reaction chamber is shown in Fig. 2.1-1
and consists of three sections. Section I and III of the raactor are
eonun;ctld fros quartz and each section consists of two lengths of
2.3 and 1.7¢cm 1.d. cylindrical tubing, and a piece of square quartz
mm‘. Saction II of the reactor is a square duct constructed
from sample material. The sample duct fits snugly along the outside
of the square quartz pieces of Sections I and III, and the length of

Section II 1ay be varied by changing the distance betwsen Section I
sod Secticn I1II.

Ssmpies are heated by radiation from an inductively haated
grapliite susceptor. The cylindrical graphite susceptor, in which
@ square hole has been milled, provides a means of support for the
flat sampies strips from which the square sample duct is ccmstructed.
Strips of type 204 G.E. quartz sheet are inserted in the sgquiare
hole in the susceptor between the graphite and the sample matarial®,
This quarts insert provides s surface of low catalytic activity for
atoss that diffuse through the cracks along the edges of the szmple
saterial, as well as reducing contamination of the sample by the
graphite. Four to six layers of 0.001" thick tantalum foil are
wrapped arcund the outside of the graphite susceptor in order to
improve thue heating efficiency. A Skw, Lepal Bigh Frequency
tgductton lleating Unit, Model No. T=5-3-KC is used to hest ths susceptor.

4+ The square quartz tubing has 1.00 ca long inner sides and 0.135 ca
thick walls

® 1vpe 204 G.E. quarts sheet 1s reportad to withstand temperatures up
€o 15445 for periods of time up to 2 months. For y messurements on
the L1V RPP material the quarts sheet was not used.
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Temperature nessurensnts ate wade veing an optical pytometer which
vievs the reacter well vith the #td f & muvadle querts prisa, which
18 withdrawn durtng recosbination coefficlent messuresents.

The wvells of the resctor are cnoled by the use of water jackets
vbich surround the ssaller pleces of cylindrical quertz tubing of

Secticns 1 and 1T8. In efditten, the pyrex cylinder which surrounds
the graphite susceptor is water cooled.

Cas flovs are tegulated by calidbrated critical velocity orifices,
wvbhich are cepedle of yielding accurete gas flov rates for argon,
aftrogen, oxygen, nitric onide end aitrogen diontide. The critical
velocity orifice used ¢~ messure the 802 flow rate is submerged in a
cohatant temperature water dat) (o order to reduce errors causec by the
temperature dependan::ﬂﬁzt N0, equtlibeiun, Argon (99, 9952),
oxygen (99.62), attregen (99.99%), ntteic oxide (99.8%) and nitrogen
dioxide (99.32) are used without further purification.

The pressure in the reactor is measured both upstrean and down-
streaa by a single, differentiel otl’ fancmeter connected to the
titration observation side arme by & J-vay high vacuum atopcock.

2.1.2 Ssperiwental Techrigues

Oxygen and nitrogen stus coocentrations are measured using the
wvell haowva NO and '.\'0z chenf lusdnescent titration reactions [ Kaufzan
(1958) and (1961), Clyne and Thrush (1962) end Kistiakowsky and
Volpt (1957) }. N0 or uoz can be added either upstream or downstirean
and the intensity of the nubsequens cheniluminescence s seasured
uring an LMD Model No. 9538 photesultiplier®. The error {n atom
Comcentration meesursments caused by the combination of rinire titration

8 The photomultiplier 1a oqutgp:d vith a $300 i interference filter
that bas & bandwideh of 10 A .,

Degassed, Norton DC 705 Diffusion Pump 041 1o used for the manometer
flvid

12




redction rates and the lictted cbacrvation time vao ainimized by
naking (he distance Batween the titrstion inlet and che observetion
olée o7» 10 (», Under norwal expertmentsl condivions the titracion
veoction 18 ot least 991 cowplete at this dist/ace. The presencs of
of obeervetion otde arus perait use of the titration reaction when the
olen com entration te exceptionally lov or the flow velocity is
efttamely Digh,

g T

Witrogen/onyien sice mixtures sre produced by titrating upstress of )
fec It & fractson of the tnftial altrogen aton :-oncentration with NO.
fa this pinture, N stome are stiil titrated dovnstrean vwith NO via the
very fast Feection, J

l#m*%oo

e

V1EN the sppearsnce of tha gresaish-vellow chemtiuvinesencs , produced
i& the Tegctien ﬁ

ﬂ‘ﬁ*l@zdbv

Sadtsatiag 1he titration endpoint. A aumber of flavsitigstors
[¥ont11n g1 g3 11708) and Clyne oad Thrush (1962)] hsve shown the
tateasity of thie v:mm]nuimocmu. 1. cheys the expressiocn

1 = 1,10)(x0) (2.1-1)

vt e (0)‘ and (N0)* ae the O atom snd nitric oxide concentiaticns
tospectively, and x‘ 13 a proportionality constent which depends upon
t*: gav temperacure and the geometry of the experimencal apparatus.
Usiog Bq. 21.~1, I o S be deturmined in thé sbsence of additional 0
atoms from the slope «f a plot of I wa, (NG), pinca this sicpe equals
1,(0), vhere (0), =(N}, the nitragan stom concentretion, which vas
determined from the titration endpoint. fa the sixture of N and 0
atoms the problem of weasuring (0), the oxygan atom ceocantration ie
econplicated because (l.’:)t 1s no longer equal to (X) but s & sum of (0)
snd (N). However, if I° is deterained in the sbsence of sdded oxygen,
then (0) can be determined from the slope of 1 va. (80) eince,

xa el

® The NO concentraclon used in this equation 1s equal to tha added
‘ ¥O concentraticn minus the initis) atow concentrarion (W) o
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Measurement of the surface temperaturs of the sample material
18 made using an optical pyrometer which views the reactor wall with
the old of a movable quartz prism, which is withdrawn during recoa-
bination coefficient measurements., The trmpauncy* of the optical
systea vas determined by comparing the observed temperature of a
heated filament when the pyrometer was viewing the filament directly
and when it vas sighted through the two prisés and the quartz window. The
total transparency of the eight surfaces was found to be 0.7S. This

value ,along with the emissivity of the sazple, wvere used to calculate
the trus wall temperatura. '

+ Traneparency is defired as the ratio of the intensity of the transmitted

light to that of the incident 1ight.

14




2.2 Data Reduction Procedure
M

Here we outline our approach to the inference of accurite values

..of Y from mcasurements of atom flow rates in and out of the resctor

. . dascribed in Section 2.1 of this report [and Section 3.3 of

' @R II ] owing to the reactor design procedure exploited in Section 3.2
of the latter report it proved sufficient to develop two "levels" of
epproximation to y, the second of which constitutes our best estimate '
of the true recombination coefficient under the atom pressure-surface
tcnycutur‘e conditions prevailing in the reactor.

An initial estimate of Y, hereafter vrit:only ,has been obtained
by inverting the simple reactor design equation [gge Section 2.2.1 below]
énd making allowance for: a) increasing linear gas velocity associated
with heat transfer and pressure drop within the reactor (shown schematically
in Fig. 2,2-1), b) atom recombinatiocn on the cooled walls of the quartz :
inlet Section (I) and outlet Section (111).

~ For values of y in excesa of about 10™3 an inproved value of Y
written 27, vas estimated by slicwing for small corrections agsociated
with transverse concentration and temparazure gradients, and Homogeneous
atom loss, while sinultaneously improving upon corrections a) and b)
dbove. Wa have done this by integrating quasi-one dimensional conservation
equations from reactor inlet to exir, until the measured overall atom
conversion is reproduced. For this purposs, the level 1 approximation
to vy 1s used to start the iterative calcuuuon‘, the squars duct reactor
s treated as an equivalent oy “effeccive" diameter circular duct, and
&vailsble correlaticns for heat and aase transfer coefficients appropriate
to this geometry are used. As mentioned above, due to our resctor design
proceduresthe value of ZY is expected to be of the sane order of magnitude “11
and zv sud sufficiently accurate for subsequent estimates of asrodynamic
heating. Further details concerning each of these procedures are given ,qlcy,

=
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{.'v‘ 2.2.1 "Level 1" Inference of vy
» -

s WL ol

Bere we spply & simple one-dimensional atom balance equation to
each of Sections I, II and III shown in Figure 2 3.1, neglecting transverse
atom concentration gradients. Since mo spptecisble axial diffusion at
station 1 or e vas present during the experiment, the overall atom comn-
wversion may be expressed as 1 - (»“.Iw‘.i). where EN 43 the atom mass
!ucttou’( A= O ot N). Eliminating the unknown atom mass fractions at

the inlet snd outlet of Section II (fabricated of the material of interest),
we readily find: ' y

\

-..~--~~h(;.§a_’:).(lﬂ'. + Q) + yeL

Y

( 2.2-1)
R e et Yerr Vdore) o

AR s TR A ATV N IR  S T

‘where © is the mean thermal speed of the incident atoms, and the U's are
sppropriately averaged linear valocities over the indicated reactor

sections. This equation can be solved directly for Y11 ] 17 using estimates
of Yy and yppye In this way we find

b oo ot il o

» 1, . L0 @.2-2
A
L vhere
[ ud ®

1 (o) ££ . Al
, v s g I G _ (2.2-9)
T b . II 8

.

sad the quantity Aly , defined by

-1

- - - - -1
1 L L %L L -
1° Udg,  Udge - 62 I WP f11 Udete (2.2-4)

is sesen to correct 11(°) for the affects of atom recombination on the water~-cooled

sildca vwalls of Sections I and III. Values of L and d.“ for each duct section

are determined by the reactor geometry, whereas the corresponding averaga

4+ %This ratiow /uA N 4s related to the measured chemiluminescent intensity ratio
via co:rcctiéﬂi fot total density changes through the reactor and the tecperature

dependence of the cheniluminescent "rate constants”. The latter correction
being important for experiments on 0-atom recosbination.
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values of ¢ and U can be determined from gas temperature and pressare
msasurements, coupled to a knowledge of the total reactor mass flow rate.
Values of v; and Yyyy have been obtained from “blank" experiments in an
"g1) quartz" modification of our duct reactor.

2.2.2 Level 2 Inference of y

Owing mainly to the possible importance of transveérse concentration

. gradients, it was decided to systematically improve upon the value 17

obtained from Eq. 2.2-2. To do this the actual duct reactor is considered
to be equivalant to that of a cylinder with an equivalent local diameter
d 4 ¢ & + (Area)/(Perimeter). Conservation of atom mass, energy and
1inear momentum then lead :o the following set of coupled ordinary
differential equations governing the"bulk"or "mixing cup average"

values of w,(z) and T(2) (wr:ltten,r“pective.ly,uA’b(z) and Ty (¢))and the
local static pressure p(3):

r o .o .
¥, (T, c v
-4 A &b 4 g | (Resctor Sections I.and IID) (2.2-52)
d, , I oft |
— - <
ds - . “ ,
. A ! SIS S, ‘
| W T, 6 (Reactor Section II) (2.2-5b)
s | atf i

(e — v o+ @M (2.2-6)
rrabdl e g A.

b
%% - :-:-2- . é- « v, .*f (T") (2.2-7)
off A b v b
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The first term in Eq, (2.2-5) accounts for the atom loss due to recofibination
at the "8110

gradients expected to be important.

Only in reactor Section II are transverse concentration
Therefore the bulk composition,

Xy
Ab

can be used to compute the heterogeneous recombiration in the walls of ’

Sections I and III. The second term in Equation (2.2-5) accoutnts for atom

via gas-phase atomic recombination.

In the energy equation (2,2-6) the first term accounts for the

Yourier conduction enefgy flux at the reactor wall. The second term,
symbolically written Q'°

A » accounts for the increase in gas temperature

due to the heat released vid gas-phase recombination. Owisg to our choice
of reactor operating conditions, this term is usually negligible.

Bquation (2.2-7) is a differential form of the Hagen-Poiseuille law
giving the pressure drop in 8 circular duct with laminar flow [ see, eg.
: Bird, Stewart and Lightfoot (1963)]. The function £ v 18 introduced to

( y correct for the influence of transverse nonuniformity in gas mixture
’ﬁ - viscosity.

A more detailed statement of the individual terms in Equations
2.2-5 to 2.2-7) is given in Appendix A2.2 The effects accounted for in
deriving and solving these equations can be summarized as follows:

El Simultaneous presence of several chemical species in the reactor.

The thermal and transport properties of the prevailing gas aixture
(atoms, parent molecules, and argon carrier) ‘have been calculated
in sccord with Chapman-Enskog theory, using a Lennard-Jones 12:6
interection potential [Hirshfeldsr, Curtiss and Bird (1954) ).
Transverse diffusion of atoms [Rosner (1964d)].

Heterogeneous atom recombination on the cooled inlet and outlet
walls of the reactor (Sections I and III).

Atom loss and molecule production due to atom racombination

Transverse heat fluxes associated with the prevailing difference
betwaen the wall and bulk gas tempersture

Pressure drop in each section of the reactor
Neat released dus to homoganeous atom vecombination

18
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In view of our reactor design and operating conditions, effects such

¥ a8 axisl atom diffusion and axial heat conduction were not e:cpected to
be appreciable and have not been included in the present data reduction
; procedure. Transverse diffusion of atomic species and heat have been

; dncluded by using local values of the sinpleu'.' Nusselt transfer

; coefficient [Bird, Stewart and Lightfoot (1963), Rosner (1964d)]. One

*' of the sssumed wall-temperature profiles is shown in Fig. (2.2-1 ).

{ Arguments of the Nusselt number for heat transfer were based on the down-~
“5 stresm distances (z ~ 2z ), (z -~ 2z)) and (3 - €4) oince heat fluxes are *
g R expected to be significantly  altered at stations 2 au® Zu 80d 2,, vhere
Z the thermal boundary conditions change abruptly. Apprecisble atom loss

%:’ by wall recombination starts at staticn g . Therefore the Nusselt number
ii ‘for mags-transfer 18 based on 2 ~ 2 .

Using 1y to guide our initial estinate 2y(Y). the coupled
system of nonlinear, first order ordinary differential equations is
(“;‘, tntcgutc: in the forward z direction using a Runge-Kutta numerical
procedure . The integration is started with the experimentally measured
l values of w Ab? Tb and p at the inlet of the reactoy,

This quasi-cne dimensional formulation of our reactor transport

problen includes Seidex-Tate-typa functiondsee, eg. Kays (1966)] correcting
conatant property trinaport laws for property nonuniformities so that
the computad temperature +d pressure of tha gas at the exit of the

reactor in the absence of atomic species ars in agreement with our measured
valuas.

.

After sach utegut:lon the valuas of N (apcrtn) and w, .(couputcd) are compared
t ]
' and & new value of 1 is chosen using an incw:pohtiou procedure equivalent

to "the false position method". Thus, the value 27(”1) is determined from

AL}

ée,ctu: corresponding to a wall temperature (or composition) distribution
given by the Heaviside function [Kays (1966)}.

# Thie and other numerical procedures used herain are discussed, for
example in Hildedbrand (1956).




Q1)

our previous estimate 27(:) and our first estimate 21 as follows:

2,040, y2. Q1)) _ 2,00, 2,0,

2, (r+1) ‘
vy o w(®

(z . 2"8)

wvhere "(2"(?)) ] (uA ‘(27(?)) )cm - (QA’Q) exp and ,as gentioned éarlier, frequently
£ ]

27(1) = 11. This iteration scheme is terminated when a value zy is found '

so that it provides satisfactory agreesent(within i petccn;) between

(?A,c)conp and (“A,e) exp’

A digital computer program has been developed to carry out the
mmerical integrations and interpolations invclved in this level 2
procedure for determmining v . This program also includes subroutines
which provide the species and mixture specific heat’, themal conductivity
and viscosity, as well as the species binary( and pseudo-binary) diffusion
coefficients. Subroutines for computing the prevailing Nusselt transfer
coefficient, and hests of formation for 0 and N atoms are also included.
For test surfaces with y in the approximate range y < 3x 102 the
differences betweenzy andly caiputed fram the same data are not
excessive and 2, can be considered to be an accurate value of the true,
prevailing atom recombination coefficient. However, 27 -values exceeding
sbout § x 10" of necessity include appreciable corrections for transverse
atom concentration gradients and are intrinsically sensitive to the accuracy
of wur convective diffusion calculations in the duct reactor. This tumed out
to be especially true for the high temperature 0 and N data on the RPP-
material, hence the absolute accuracy of our reported recambination coefficients
for high temperature RPP degenerates much above about 1250K*. In practice, however,

. this is not a serious limitation of the tcchn:lqu’ since it indicates that

+ We are indebted to C.P. Li (Lockheed Electronics, Houston) for supplying
curve fit routines for individual species heat capacities and enthalpies,

& At this temperature the 21111 is about 2.5. zy values above about
S x 10-1 are more than cne-order of magnitude sbove ly .

® Accurate y-values for v > 10=1 could perhaps be obtained at very low atom
pressures using molecular beam techniques but practical intetest in materials
with such high recombination coefficients even at low pressures is slight.




()

for re-eutry application this material would essentially behave as a
perfect atom recombination catalyst (sce Section 5.2). Indeed, for
y-values in this range no continuum reactor or arc~jet experiment
is possible which would aveid large diffusion corrections [Rosner
(1972)].

. <t \'

Figure 2.2~1 shows a typical set of prcdicted wy, B(z), T, (z) and p(z)
profiles through the duct flok reactor for an O-Qcon/B.SI«-coating run with
argon carrier gas at Tw = 1440K. Note that while the largest portion of
the O-atom loss (cf. wA.B(z)) occurs in reactor section 1I, ih general

a cortection for atom losses in the partially water cooled quartz+ sections

(I, III) must also be included. This particular run is one for which the

reactor fractional conversion (of 0 to O ) is large and hence is not
;uitablc for inferences of the Po :lndepcndence of Yor assumed in calculating
Y « Also ghown in Fig. 2.2-1 are the small gas pressure drop and net bulk
temperature rise in traversing the entire reactor (Sections I, II, and III).
Purther details concerning these calculations are given in Appendix 2.2,

Using this procedure and a reasonable estimate for 21(1) (usually larger than

Y) the representative IBM 360/47 computer time for a y-inference was about
30 sec.

+* Yy values for quartz are discussed in Section 2.3.1, which follows
# Io determining the function f ! (ef. Eq. (2.2-7) use is made of

the fact that the exit puuure Pg* is routiuly seasured (eece
Appendix A2,2)

21 '
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2.3 Recombination Cozfficient Results for Quartz o Nickel, RSI and RPP

2.3.1 Atom Recombination on Quarts

To accurately evaluate y fo: sample TPS materials it 13
peceasary to assess the extent of atom recombination in Sections
1 snd III of our duct flow reactor, ¥hich are made of qurtz":

For - this resson y was measured for 0 and N atoms on quarts.

Roon temperzture oxygen atcg r¢sombination coefficients on
quarts deternined using our duct flow reactor are gim in Table
23-1. The values range from 1,18 x 10" to 10.7 x 10 » with an
average vaiue of 4.0 x 10~%. As shown in Table 2.3-2 this aversge
valus 13 in agreement with the values reported by Dickens and
Sutcliffe (1964) and Krongelb and Strandberg (1959), and Greaves

- and Linnett (1958) and (1959), but is 10 times larger

than the vsluas reported by Hacker et al. (1961) and Berkowitz-Mattuck

(1969). Although the value of vy, are repraducible for experiments

conducted on a specific day, the large variation in Yo measured on different
days made it necessary to determine Yo OB quartz before and after the portormce
of recombination experiments on ssmple TIPS materials. The average

¢f the two Yo'l was used in the determinatien of coefficients on the
ssople material.

3¢ was possible to measure the fractional conversion of O
atoms through the resctor by thres different techniques. Iun the
first wethod, denoted in Table 2.3-3 by (NO"), the relative oxygen
atom concentration change was measurad by adding a small smount of
NO upstream of the sanple and massuring the chentluminescent intensity
both upstrean and downstresn. This method yielded values for v,

which vere consistantiy lower than the valuss dn:eminm‘l by che

’ ucqud technique, in which NO was added downstream ef{ the sample for

the downstreaan chemilumineszcent intenaity asasurements, deaoted by

¢ The guarts vas cloaned by using the glass-tleaning nolution described
4o Rosebury (1965), vith a final rinse of 13% HF solution.




Table 2.3-1

Oxygen Atom Recombination Coefficients (210) on Quartz at Room Temperature

Date Argea® ixygen® ?rb O“tl Oin zYo
3/5/73  98.3 86.5 2.19 0.746 1.18(-4)¢
3/8/73 99.5 87.0 0.66 0.687 3.39(-4)
99.5 87.0 2,71 0.376 4.52(~4)
99.5 €7.0 3.36 0.242. 4.81(-4)
6/8/13 358 28,7 3.92 0.273 3.85(~4)
¢ 353 2507 /' 3091 . 00310 3.39("6)
6/11/73 288 14.2 1.74 0.612 2.93(~4)
(3 208 14.2 1.79 0.655 2.44(~4)
6/20/73 385 36.3 2.48 0.464 §.23(=-4)
383 75.7 2.87 0.423 4.18(-4)
M3 N 7.1 2.66 0.374  5.15(-4)
8/9/73 388 68.0 2.58 0.804 1.32(-8) : .
388 36.0 1.36 0.859 1.59(-4)
8/10/73 389 72.5 2.96 0.651 2.12(~4)
8/20/73 386 7.8 2.66 0.708 1.89(-4) ‘ %
3 i
| |
‘ e Flovw rate in cc.atm/min i
b Pressure in Section Il in torr \
e 1.18(-4) # 1.18 x 107 g '
¢« ‘
()’ y ) LI
!
-
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Table 2.3-2

Oxygen Atom Recombination Coefficients on Quartz at Roow Temperature

Raference Y.

Greaves and Linnett (1958) 7.1(=4)
Greaves and Linnett (1959) 1.6(=4)
Dickens and Sutcliffe (1964) 3.5(-4)
Krongeld and Strandberg (1959) 3.2(~4)
Hacker et al. (1961) 0.4(=4)
Berkowitz-Mattuck (1969) 0.4(-4)
This work 4.0(=4)

-

Table 2,3-3

Oxygen Atom Recombination Coefficients (zyo) on Quartz at Room Temperature

Date 2190!0"') 219010‘) zvo(ﬂoz) R .
3/5/13 0.56¢-)t 1.18(-4)
e Haes
/7173 6.40(=4) 0.3 (=4) 9.67(~4)
10.7 (~4) 9.46(~4)

6/8/73 1.94(-4) 3.85(-4)

2.07(~4) 3.39(-4) 3.42(-~4)
6/11/73 1.51(-4) 2.84(-4)
6/20/73 4.23(-4) 5.02(-4)
6/21/73 4.18(~4)  $.26(-4)
6/22/13 4.35(-~4) 5.39(~4) '

s "

t 0.56(-4) ¥ 0.56 x 107

2, ~.

e
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(no‘). uoz titration of 0 stoms was the cthird oethod used. Table
2.3-2 shows that the resulte using the x'io2 titration technique are
4o egresment with the tathod in which KO 1s added downstrean, (Nod). '

The systematic discrepancy between the two NO-chemiluminescent
techniques at near-rooa temperature is probably dus to NO poisoning
the walls of the reactor so that Yo is lowered. Bocause of the effect

of NO on vy, only Yo Veluss which were determined by adding NO
downstrean were used to evaluate vy for the TPS materials inserted
48 Section 1I.

Because only a portion of Sectfions I and I1I 18 water cooled, and
. in order to evaluate high tecperature atom recombination coecfficients
o ) fc - TPS materials mounted in Section Il.it Wasnecessary to estimate
_; N Yo o0 quartz at elevated Lenpératures (sse Section 2.2). A quartsz
' “wall" reactor vas fitted into Section II and mcasured in the usual
sanner. To determine the quartz wall temperature via optical
pyrometry the cutside of the quartz tuba was blackened with a fuel
tich flame. Unfortunately, upon veactor disassembly it was found
that the blackening material had reactra avay. Therefore, the
“observed" temperature vas that of the outer graphite susceptor and ° .
pot that of the quarts wall. The results of this experiment are
shown in Fig. 2.3-1, alung with the high temperature data of Greaves
and Linnett (1959) an¢ Berkowitz-Mattuck (1969). Assuning that our
observed temperatures are higher than the true wall tempsrature, it
ds probable that our high temperature o values are in agreement
with those of Greaves and Linnect (1959). Fur this reason, the high
témparaturs Yo valuss of Creaves and Linanett for quartz were used in
our v data reduction procedure (ses Section 2.2).

W Appn 2 Tl 831 T
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Room temperature nitrogen atom retombination appears to be much
less sensitive to slight changes in thé quartz tham 0 atom recombination.
Por ten different determinations, YN fanged between 1,54 and 3.73 x 10'4
with average value of 2.27 x 10.4. This value of Yy is lower than the
value of 8.0 x 1072 reported by Marshall (1962). The calculated v
on quartz at elevated temperatures atve shown in Fig. 2.3-2, It is apparent
from our data that yuhu a maximum value(occuring at an apparent temperature
of 1250K) of sbout 1.3 x 10~ and then decreases rapidly to a value of
approximately 6 x 1073 at 1355K. Unfortunately, it is not possible to
correlate these apparent temperatures to the true wall temperature, and
therefore it is very difficult to thaurize on the cause of this
sharp drop in the valua"of Yy It should be noted that althouzgh N0 maximum
was observed for Yo o® quartz, the maximum spparent temperature reached in
the 0 atom experiments was 1230K. The high temperature Y, values reported
by Marshall (1962) show a much smaller temperature dependence than is
indicated by our data. In addition, up to a measured temperature of 1200K
no maximum appears in his data. .
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2.3.2 Atom Recombination on Nickel

Room temperature, oxygen atom recombination ccefficients ou
N10 are given in Table 2.3-4. The nickel strips used in these
experiments were made of Grade A nickel which had been cleaned
by the method described By Rosebury (1969). For these experimenta
the oxygen atom partial pressure was between 4 x 10 and 8 x 10
torr.

Our room temperature results for 0 atom recombination on Ni0
are in sgreement with those of Greaves and Linnett (1958) and
(1959)" but are higher than the value given by Dickens and Sutcliffe
(1966)1'. Upon cycling the NiO ssmples there is an apparent increase

Yo Since XPS analysic on both the fresh nickel sample and the
cycled sample indicated the presence of ‘only Ni0 on the surface
the increase in Yo is probebly due to a roughening of the surface
upon heating. )

Unlike the initial experiments on Ni0 (QPR 3), in later experiments
no tut_ld towards lower values of ?0 were observed during tho initial exposure
of the nickel surface to 0 atoms. Zhis observation may be explained
by the fact that XPS results of the material that was used in the
4nitisl experiments tndicqtcd that its surface before 0 atom exposure
was a thin layer of Ni0 over Ni while in the later experiment the
surface contained only N10. Therefore the initially high values
may be indicative of a Ni surface for which 70 has been measured
e» 2.8 x 1072 [Greaves and Limnett (1958)1.

The results obtained for the oxygen atom recombination on nickel
have alloved us to check our reactor design criteria (see Section
3.1 of QPR 1). These criteria predict that for low values of
v( <10 3) the calcuh:od surface recombination cosfficient should
ut differ whether the y or the 27 method is used for the calculatioa.

" et

t Greaves and Linnett report & Yy, for K10 batween 7.8 - 8.9 x 10° -3

while Dickens et al. report a value of 1.5 x 107 -3
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However, for higher values of y( ~10"2) , radial atom concentrations
gradients may become signiﬁcan:f and the 2-7 calculations would
yield a higher value for the surface recombination coefficient
than the 11 calculations.

Table 2.3-5 shows that the reactor design critéria are indeed
correct. The 17 values for quartz, corrected for homogeneous
atom loss, are in good agreement with the" zy values. For the quartz
experiments the predicted radial concentration ratio,ie, the atom
concentratioa at the wall divided by the bulk atom concentration,
48 0.99. For Ni0, however, .the 27 value is significantly larger
than that predicted by 17 , and the radial atom concentration
gatio 1s approximately 0.80. This indicates, as predicted by
the design criteria, that for large y values one must consider
radial atom concentration gradients.

Certainly if our data reduction procedure is to be wmeaningful
zyo should be independent of the total gas flow rate and total

. pressure, This independence is shown in Table 2.3-4 for the experiments

conducted on 8/14/73. In these experiments the total flow rate
was reduced from 728 cc.atw/min to 357 cc.atm/min and calculated
zyo did not significantly change. Varying the total pressure from
1,90 -~ 1,30 torr also did not effect the calculated y value, High
tesperature oxygen atom recombination experiments were carried out
on N10. At temperatures around 1000K our experiments indicated that
y_ was grester than 7 x 10”1, This value of Y, is higher than the
vdive of 1.2 x 1072 predicted by extrapolaticn of the results of

Dickens and Sutcliffe (1964) ,

4 The extent of these consentration gradients depends upon the

total pressure in the rsactor.
4  Their data extended to tewperatures of 650K.
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The measured oxygen atom surface recombination coefficients
on LTV RPP material are given* in Fig. 2.3-3. The data cover a temperature
range of 1037 to 1735K. In order to check if v, is independent of the 0
atom concentration the oxygen atom partial pressures were varied between

2x 1072 and 7 x 1072 torr, and with no observable change in the measured
value of Yoo

Corrections to the observed wall temperature measured by the .
optical pyrometer were based on a spectral emissivity of RPP at 6500 A of
0.80. This emissivity value is probably a lower limit to the true value
because 1) the emissivity of S.}C, the major component in the RPP coating,
is between 0,85 - 0.92 at 6500 A [Toulskian and Dewitt. (1972) ] and 2)

thé configuratiun of the reactor is such that Section II approaches a
black body condition.

Our 21 data reduction precedure does not differentiate between

atoms lost by recombination on the sample surface and atoms lost by a
reaction with the surface coating. For this redson, at high temperatures

it is possible for the measured atom recombination coefficient to be
influenced by the reaction probability. As can be seen in Fig. 2.3-3, the
8i(oxC) atom removal probability <o is about 10% of the measured Yo at 1670K.
Owing to our definition of ) (see Section 3.2) ane can show that

Yo’““{ * 2¢ + v ; thus,the true valun of Yo (corrected for atom loss by
Yeact

on with the substrate) probably begins to level ocut at temperatures
such above 1730K (not shown).

Fresh RPP material has a room temperature Y, value ranging between

1.14 - 1.31 x 10°2, However, upon heating this material in the presence of

oxygen atoms, the room temperature Yo value decreases to values ranging

between 1.55 - 5.60 x 10", This decrease in room tenperature y, after

heating is accompanied by a change in the surface character of RPP since
the surface of fresh RPP material consists mainly of SiC, while the surface
of material heated in 0 atoms is mostly smz (see Section 4) which indicates
that Si0, has a lowe; 0 atom recombination probability than SiC.

¢+ If the 0-atom/quartz data of Berkowitz-Mattuck (1969) wexe used to predict
0-atom losses in Sections I, III this would only further raise ocur 0.
inference by some 30-40 percent. lowever as discussed in Section 5.3, it
sppears that in this case the data of Greaves and Linnett (1959) (cf. Fig.
2.3-1)are .i0re sppropriate,
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Table 2,3-4

'ﬁygcn Atom Reéombination Coefficient (2v°) on N10 at Room Temperature

Date Argon® Oxygen® v %
3/20/73 490 200 2.02 1,06(~2)
8/14/73 $24 204 1.96. 1.02(-2)*¢
249 92 1.30 9,27(~3)
249 92 1.90 9.06(~3)
_ 265 92 1.25 9.22(~3)
8/15/73 and 93 1.23 4.11(-2)
n® 93 1.23 4.11(-2)

” & N U

Flow rate in cc.atm/min
Pressure in Section II in tvorr
1.02(-2) & 1.02 x 10~2

"Reactor had been cycled once to a temperature of 1057K.

Reactor had been cycled twice to a temperature of 1130K.

Table 2.3-5

Comparison of ly and %y Calculations for Oxygen Atom Recouwbination
i on _Quartz and N40

Date . Surface 1?0 zYo
3/8/73 Quarts 3.47¢-0)%  3,39(-4)
Quarts 4.30(~-8)  4.52(=4)
3/20/73 n40 7.50(-3) 10.6 (-3)

+ 3.47(-4) 3 2.47 x 1074
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2.3-3 O-atom and N~-atom recgnbinatton coefficients on the '
LYV-RPP material; O, yo~va1uesgn ,0-atom reaction
probability; @ “v,-values; typical experimental
conditions for O-dtom tuns: srgon flow:260 cce-atu/min,
0, flow: 115 cc-atn/min, upstream pressure at room
téuperature: 1.4 torr; gas flow velocity in Reactor
Section II: 2500 cm/sac; typical experimental conditions
gor N-stom runs: argot: flow rate: 250 cceatm/min, N
flow rate: 450 cceatm/min, upstream pressure at :oos
temperature: 20 turr, 3as flow velocity in Reactor
Secticn 11: 2700 cm/sec.
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Figure 2.3-3 also containg our data for H-atom surface recombination
coefficients as a function of 1/T for temperstures between 1029 and 1719K.
Within experimental uncertainty, vy increases linearly with 1/T. The N
atonm partial pressure ranged between S.4 x 1.0'3 and 3.1 x 1.0"2 tort and
Yy Vs gound to be independent of N atom pressure. The values of the room
tesiperature v, ranged betweer 1.08 and 4.57 x 10™3 and, unlike the case
of 0 atom recombination, the room temperature value of Yy showed no sigx}i-
ficant change when RPP was heated in 0 or N atoms.

e e e+
A

Finally, exploratory measuremeuts were uade of the apparent values

of 210 and 27&'( on RPP in mixtures of 0 and N atoms between 1153 and

1673K. In the data reduction procedure (cf. Section 2.2) no attempt was

made to include the possible influence of nitrogen-oxygen bimolecular

exchange reactions ( see, eg. Section 5.3) - de. the O-atom conversion

was formally used to infer 270 and the N-atom conversion was formally

used to infer 27‘]. N + O gixtures were generated by dissociating a dilute

ﬁz 4+ Ar mixture, then adding NO to convert a portion of the N-atoms to

0-atoms via N + NO + 82 + 0. The N atom partial pressure was varied

betwees 8.8 x 1072 and 1.2 x 10~2 torr, while the O atom partial pressuce

ranged betwean 6.9 x 10”3 and 1.5 x 102 torr. The ratio =f initial O : §
.tom concentration to initial N atom concentration was varied between

0.68 and 1.2 with no spparent effect on the measured Yo ©F Yy values.

From a comparison between Yo geasured in an ()IOz systen and that measured

tn a N/O mixture it sppeared that the simultaneous presence of N atoms had

no significant effect on Yo* Scatter in the corresponding zyn values measured
4n the presence of 0 atoms did not allow a quantitative comparison to be

made on the 27& values measured in the absence of 0 atoms. However, it ;, .
appests that Yo and Y. for RPP are not changed by more than about & factor . /

N
¢f 2 vhen recosbination takes place in 1 faixturs of N and O atoms.

- -&'ic- .
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2.3.4 Atom Lecombination on RSI

The measured oxygen atom surface recoubination coefficients ou RSI
at temperatures between 901K” and 1452k" are shown in Fig., 2.3-A. The O-atom
data shown in this figure represent an RSI tample that was undergoing
three cycles in temperature. The open symbols represent meagurements
made while the wall temperature was increasing while the blackened
symbols represent measurements taken while the temperature was decreasing.
Iwo observations can be made from this data; 1) Yo 8oes through a
maximum value of T = 1250K and 2) measurements of Yo made during the
decreasing temperature part of the cycle are slightly higher ( : SU%)
than Yo measured during the increasing temperature part of the cycle.

It 1is interesting to note that Yo for RSI s approximately the gsame as the

~ measured Yo for RPP at T = 1100K. Tass 13 not an unexpected result since

IPS analysis has shown that both surfaces are essentially 8102. At

. )
higher temperatures the RS surface may begin to soften and result in a
lowering of Yo

Room tamperature Yo Values have been measured in the range 1.03 -
4.62x1003% | gpy tesults (see Section 4) indicate that RSI material
éycled to high temperature has a much roughar surface than fresh material.
However, within experimental error this increased surface area due to
roughness does not increase the room tempersture Yo v.luu! Again it is

interesting to note that room temperature Yo for RSI and Yo for cycled
RPP are essentially identical.

+ This temperature was estimated from the change in pressure in Section I
dua to the increased wall temperature in Section II.

‘¥ The spectral emissivity of the RSI coating is 0.79 at 6500 &

Borosilicate Glass has a softening temperaturs of *1100K and s working
temporature of 1510K[Rosebury, (1963)].

%' The first value of v, measured for RSI was 1.4 x 10°4, dorever, ws have
not been able to reproduce this low valua.

¢ The incresse in Yo Would have to ba > a factor of 3 befors *° would become
aignificant.
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2.3~ O-atom snd N-atom recombination coefficients on the RSI

coating material. For O-atom data: open symbols are

increasing, closed symbols are meagurements taken when
the val® imperature was decreasing; O, measuremsnts
on the first cycle; D ,measurements on tha second cycle
A , measureneats on the third e¢ycle. Typical experimencal
conditions for (-atom erperiments: argon flows 390 cc.atm/min
0, flow rate: 70 cceatm/min; upstreanm pressure at roca
téxperature: 1.6 toxr; gas flow valocity in reactor
Section II: 2350 cm/sec. Typical expérimuntal conditions
for N-atom data: argon flov rate: 302 cc'atwm/min, N

. flow rate: 303 cceatm/min; upstream pressure at m3
temperature: 1.6 torr; gas ficw velocity in reactor
Section 1I: 2600 cm/sec

Seasurements taken while the wall teuperature was T ey
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To fnsure that the measured value of Yo at high temperature is {ndependent
of O atom concentration, the 0 atom partial pressure was varied between

-2
0.5 and 1.5 % 10 © torr, At 1100K, over this atom concen*ratiou range,
Yo ranged between 5.47 - 5.82 x 1072,

Figure 2.3-4 also shows y, vs. 1/T for RSI. N~-gtom recombination
on RSI also appears to go through a maximum value. Unfortunately, these
experiments were in the relatively narrow temperature range 1078K to
1384K, which is not large enough to effectively characterize the curve.
The N values for RSI fall slightly below the Yo values and significantly
below the Yy values for RPP gt 1100K. This difference betwoen Yy, for
RSI and RPP may be explained by differences in the RSI and RPP surfaces
in the presence of nitrogen (see Section 4).

-

As in the case cf RPP, we made several exploratory experiments on
the apparent values of 0 and Ty o8 RSI in the simultaneous presence
of 0 and N atoms, Apparent oxygen atom recombination coefficients in
the presence of N atoms, from 1048K to 1412K exhibited the same shape as
~he results for Yo in the aleence of ¥, but appeared to be shifted to
to slightly lower values (ei. fuctor of 2). Results for nitrogen atom
surface recombinition coeffi lents in the presence of 0 atom as a function
of 1/T, wera too scattered t« make detailed comparisous, but did not
d4ffer from the 21" values shiwn in Fig.2.3-4 by mord than a factor of 2.

The low values of vq, vy (ca. 2 X 102) measured on RSI-coating
at ca. 1000K imply a negligible contributian to te reported y-values at
higher terperatures from atom losses in the cracks at the comers of the
square cross-section duct. If the crack area were a perfect aiom sink and
represented a constant fraction (say | percent) of the tocal wetted area
then (1) the apparent y could never fall below this constant lower bownd,
and (i1) a negligible error would be introduced into any y-values reported
above about 10°1. Thus, the high values reported for v, and vy on coated
KPP sbove 1300K (see Section 2.3.3) cannot be attributed to atom loss in the
cracks where the flat RPP sectinns meet. '
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3. MASS L0SS EXPERIMENTS- LEADING EDGE MATERIAL

Rosner and Allendorf (1970 a,b) have studied the resction of
pure, dense pyrolytic silicon carbide in molecular and atomic
oxygen and nitrogen and 0 + N mixtures at swiface temperatures
sbove 1750K. Their sesults show thst the S1C removal probabilities

in 0, N, or 02 are greater thau 0,1 at T » 2000K and not strongly

deperdent on temperaturs or pressure, However, at lower texperature

the reaction probabilities are strongly temperature and pressure

dependent. Interustingly enough, rates in 0 + N mixtures were
fourd to be oubounti.glly below those in pure 0 or N.

These results were interpreted to indicate formation at lower

tesperatures of a passivating 8102. Si,hl‘, or silicon~oxynitride

layer, depending on the reactant gas used. Vaporization of this layer

at highest temperatures exposes the Sii to direct attack by the
Teactaent gas,

.Supauon arc jet tests on RPP at Vought Missiles and Space : }
Co. [LTV, (1972)] showed rough agreemeat with the above results on '
pure B-81C(s). However, comparison of these experiments contains
significant uncertainties due to extrapolation to higher pressure.
Moreover, our XPS results (see Section 4.3) indicate that small amounts
of A!.203 in the SiC-coated RPP specibens concentrate on the surface
during arc jet tests. Moreover, RPP coating density is half that
of pyrolytic S1iC. Since this suggests intrinsic differences between
the fa situ RPP coating and pure £-S1C(s) we have carried out a brief
investigation of the reaction between 0, N, and l)2 and the RPP coating

by exploiting the experimuital techniques previcusly used in ocur laboratories .
for 81C(s).

R 3




3.1 Technique ' '

The reaction of SiC-coatsd RPP with dissociatcd oxygen and/or 1
nitrogen gas mixtures is carried out in the transonic vacuum flow reactor
described earlier [Rosner und Allendorf (1967)] which is fllustrated in :
313.3.1-1* In this reactor, metered argon-reactant gas mixtures pass
through the discharge tube where the 2450 Mc, 120 watt microwave discharge
partially dissociates the reactant molecules. The dissociated gas mixture
emerges from the discharge tube at a linear flow velocity of ca. 2 x 10‘
cn/sec and a total pressure of 1 torr and flows over the electrically heated ,
tpectmnf. Specimen heating current is manually adjrsted during reaction .
to maintain a constant brightness temperature, Tbr ,88 observed with aa

- optical pyrometer. ’

(% The specimens are rectangular piecaes of coated RPP with the carbon
: substrate exposed on one side and the SiC coating exposed on the other

side. Initial specimen dimensions are ga. 0.1 em thick by 0.2 cm wide x 3.8
cm long. RPP coating and substrate each comprise about 502 of the initial
sauple thickness. These samples ware cut from a larger piece of coated
EPP with a sflicon carbids saw. Reaction rates vere calculatrd from the )
change in thickness of the RPP coating after exposure to reactant at slovated
tcﬁpetacutes for a measured interval of ti'sm. Since the RPP coatiag/mbstute
interface was poorly definud, it was not possible to measure thickness
changes in the direction perpendicular to the coating-substrate interface.

] Therefore recession vate: ware calculated from the change {n width of the
samples measured parallel to the coating-substrate interface. Small
varistions in the width of a specimen required that changes in width be
ssasured from low magnification (20x) photomicrog:isphs, to insure that the
the 4{nitial and tinal wid:ih ceasurements ware made at the same pcint.

’ W.ﬁh&&b,ﬁ»t@

® The voltage taps in Fig.l.1-) areused for monitoring resistance of metal
; specinens. They wece not used in experiments with RPP specimens.

+ The combination of high flow velocity and smell specimen diameter prevents

; diffusion limitaticns on the reactant arrival rate. This has been demon-

{ atrated by showing flow rate independence of the reaction rate st constant
. reactant partial pressure in studies of the P:/F atom reaction.
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Specimen temperature measurements showed negligible temperature
gradients along the central 0.5 cm of the specimen length., Hovever,
significant temperature gradients perpendicular to the coating-substrate
interface were observed, because the electrical heating currant passed
ndinly through the carbon substrate.The observed temperature gradients
were compared with those calculated on the basis of a thermal conductivity
of 0.016 cal/(em-deg K-sec) [LTV(1972) , p. 217] a total emissivity of
0.9[(LTV,(1972), p. 215] for the RPP coating and a small heat flow due
to convection. It was concluded that the spectral emissivity of the RPP
coating is not less than 90% that of the substrate. Using 0.9 for e(6650:x)
for the carbon substrate a value of 0.8 was deduced for the RPP coating
and used in data reduction. Temperature corrections were also calculated

for window reflection losses according to

: - - -6 -1 (301"1)
1/'rv.. UTNwi 5.0 x 10 ° (deg K)

where 'rv.‘ and Thlvi are observed filament temperatures with and without the
window. ‘

Experiments were performed at 1 torr. Nominal 02 pressurec were 0.01
tort or 0.05 torr and Nz pressures were 0.5 rorr. Chemiluminescent titrations
(see Section 2.1) showed that approximately 25% of the 02 was dissociated

and that the N atom pressure was between 1 x 107" and 3 x 10~2 corr,

Many of the RPP mass loss specimens were examined by XPS (S8ection 4.1)
. and SEM ! Section 4.2).

3.2 Results

EPP mass loss resu.ts are presented in Table 3,2-1 for oxygea reactant,in
Table 3.2-2 for oxygen-nitrogen mixture experiments ,and in Table 3.2-3 for
nitrogen reactant. An Arrhenius diagram of the oxygen data is presented in
Fig. 3.2-1 and of the oxygen-nitrogen mixture data in Fig. 3,2-2,

Reaction probabilities, equal to the ratio of the SiC removal flux and
the reactant arrival flux, were calculated from the oxygen data. An

!
é{c)/z{,') where 5(' ) s the eveporation flux of element i (i ='51,0)
z .

and 2{ 15 the arrival rate (flux) of species i (i = 0,0,) at temperature
Tw‘ For all expts. ¢, was calculated, neglecting the affect of partial
dissociation. Inasmucﬁ as partial dissociation did not significintly
influence the rate, ¢q ¥ ¢g /2/F , (since dissociation increases the
fluwt by 2 /7). Hlowever, fhe precision of our éxperiments limits ¢,

to 0.5 ‘02 < €5 < 1.06 coz(assuning that ¢y is not less than talf coz)
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.: . Table 3.2-1
' (o $1C costed RPP Mass Loss Expsrimental Results )
Anbient t
' -4l r v ac M/
to. ®  aodeorn () (see) (ea/aec) Renarks :
' 1 ¥ 168 s.e2 635G 240 L.87(-5)  Blackish appesrance .
u a 5.50 29691 240 1.21¢-9) .
s A 6.18 o 19 0 Dense 510, fila
o a 5.95 o % 0 Dense 810, tiln
. 35 A 5.68 360 0 ® quénched in argon
' 3 A w2 1.19 1.5 720 2.08(-6)  Glass-like particles
% x ® 1.33 3=-n® 600 S.0(-6)  Large glass-like
particles
I 2 a4 " s.40 | 1-n»® 180  3.89(-.)  Flakes (Brownish
| sppesrance)
' s .48 s-W® 180 4.45(-5)  Small glass-like
. particles .’
: s+ A " 6.18 3.6¢-51 20 3.6¢-9) Annesled at 2013K for
: . 20 mnin. Large glass
' particles ocn the side
. 3 A b 5.90 - 720 - Annealed at 2013K for
. ] 33 min. Continuous
¢ - wolten $40, film .
' @y 2
; . $2 a " $.60 - 720 - Large glass particles on
: . et . the side; scme on the
: - surface. .
32 A 1826 1.24 9.8(~3) 600  2.63(=5)  Small glass-like .
R . particles W
Lo b > B { bt 1.23 [ R )) 600  1.02¢-33 *, Blackish
appearsnce
20 2 $.47 6.4(-3) 180 3.56(~S) Biackish apr.srance
S $.60 2.7(=2) 360 1.5(~6) * , ¢uenched in argon
small glass-like
' . : pazticles . '
; % a . 5.47 6.4(~3) 120 $5.33(-5)  Glass-1ike particles ’ .
i s A o $.90 2.8(-2) 180  1.38(-4)  Blackish appearance,
i N - quenchad in artoa. 1
i ’ 2 1930 1.2% 1.45(-3) 600  2.42(-%)
; 9 v 1.28 "7.4(-9) 300 2.47(-$)
' 00 " 1.28 1.69(=2) 600  2.83(~5) .
o 44 bt $.36 1.43(~2) 120 1.19(-4) Blackish appestance
‘2 " 3.62 2.49(-2) 120 1.24(=4) .
i 13 2013 1,14 1.45¢-2) 600  2.42(~$) . .
14 . 1.26 to”(’z) $40 20‘1(’3)
13 hd 1.7 9.72(=3) 60  1.62(~3) Blackish appearance .
Jee » .32 $.6(~3) 360 1.56(-3) " .
18 . .36 2.44(=2) 180 8.0(-3)
19 . 5.60 2.93(-2) 180 1.63(~4) ) ..
Y 2008 1.22 1.03(=2) 200 4.29(~8) -
s 2141 1.28 1.09(=2) 150 6.06(=3) -
®- Ssvples exseined by XPS (See Section 4.1) .
® A3 5 4.3 x 1077 ete. ;

(1) Dimensicnal change vas measurad after scraping off the adherent product film

(2) Yo 4imenstonal change was obsetved because of the adharent product film; attespt
was not made to remove the tilw. . . ‘
|
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; Table 3.2-2
81C Coatéd RPP Mass Loss Experimental Results - Reaction with 0 + N Mixtuus(n
j
. Ambient
' T : ad At . Ad/Ac Rewvarks !
i Expt.No. ® 9027.2 1’82) (em) . (sec) (cn/sec) 5
(10 “torr) ) b
| {;
{ K
{ 36* 16410 117 55 0 1800 0 Dense $10, film,some i
t 810, is Oobserved on C . ;i
i P .
i § 37s 1618 1.20 57 3.1(~-3) 1200 2.6(~6)  Demse $10, film J
i 594 " 1,18  S6 1.8(-3) 1200 1.5(-6) " quenched in Argon i
- ! '
5 ; 60* 1722 0.90 43 3.2(~3) 900 3.5(-6) Continuou. -alten S1i0
= £11n quench. in Argod H
. 41% " 1.51 60 3.8(~3) 900 4.3(-6) Continuous molten $10,
L _— f1ln
| 43 w131 60  6.6(-D® 600 1.1(-5)  Numerous glase particles
; ) 18* 1826 1.25 57 7.5(-3) 720 1.0(-5) Small glass particles
. !
P ) v " 2.35 60 1,0(-2) 600 1.7(-5) W w w.a7g plate
} was placed behind the
i specimen to collect the
! condensate
43¢ v 1.28 60 6.4(-3) 600 1.1(-5) ® , annealed at 2018K
for 20 min. " ‘
61* ® 2,38 545 5.9(-3) 720 8.2(~6) Quenched in argon some :
glass particles on the end
. 40* 1930 1.14 53 1.8(-2) 900 2.0(-5) Swmall glass particles §
age 2013 1.3 62 8.6(-3) 600 1.4(-5) " v "
62¢ " 1,17  55.5 1.2(~2) 600 2.0(-5) * quenched in argon
. a2 2088 1.30 60 1.0(-2) 600 1.7(-S; Some small glass particles
(1) Ali mixtures are dissociated
(2) Dimensional change was measured after removing the f£ilm
®  XPS analyses were made after reaction ,‘
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Table 3.2-3

§4C Coated RPP Mass Loss Experimental Results. Nitrogen

-

Ambisnt

Bxpt.No. § Teump pni Ad At -:—:- . Remarks
: (K)  Qo™%torn) (sec) (ew/sec)
: 48 A 1826 57 0 300 0 Dense product f£ilm
56¢ A 2013 54.5 3.6(-3) 600 6.0(~6) Small white particles
over the surface;
loosely adherent
s+ X " $4.5 o 600 0 Black appearance

B
I3

.

-

® XPS anulysis were made after reaction

§ A= atomic M= molecular
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| - \ pure sic
5 - \ B=102Torr - -
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- ALLENDORF
T (1§70)
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3,243

Dependence of oxtdstion prodability of silicon cardide
RPP costing on reciprocal temperature. A M = 0.312 torr;
A.D eq.osstorrs 8,0 20,3 A,A = 0,/0
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Arrhenius diagranm of these results is predented in Fig.3,2-3, It can be
seen from the figure that no significant difference exists in the reaction
probabilities for reactant pressures between 0.012 and 0.055 torr. Moreover,

partial dissociation of the oxygen molecules does not significantly
influence the reaction rates.

Cosparison of the oxygen data with rate méasurements or: pyrolytic
efldcon carbide at 10™2 O-atom pressure [Rosner and Allendorf (1970a)] as
shown in Fig.3,2-1reveals a greater reactivity for the RPP coating below
1900K. Inasmuch as the data of Rosner and Allendorf agree reasonably well belcw

1900K with the maximum Qublimtion rate of s:l.l)2 according to the reaction

¥
¥
k
!
|
{
i
i
i

§10, (condensed) = $10(g) + -goz(z) (3.2-1)

it 1s apparent that the greater rate of KPP removal by reaction with oxygen

is due to a mechanism other than sublimation of condensed 8102. Moreover,

the RPP recession rate increases with oxygen pressure, rather than

decceasing with oxygen pressure as was observed for pyrolytic SiC. o T

’
e o = A A D, A AR A 53 i o N

(3

- The comparison of RPP recession rates in oxygen and oxygen-nitrogen
mixtures shows that additiocn of nitrogen has no iafluence on the tate of
reaction below 1900K, but :uduces the recession rate by a factor of
" 2-4 above 2000K. Thie behavior is exactly opposite to thar observed . .
for pyrolytic SiC ([Rosner and Allendorf (1970b)], where Nestom additien ' -
suppressed the reaction rate below 2000K but had no effect above 2000K.

. Pigure 3.2-4 4illvetrates the results of stagnation arc jet tests on RPP
' coating by Vought Missiles and Space Company [LTV(1972)]. The stagnation
pressure of the air reactant was 0.5 psia, Coating recession rates are
presented for the Phase I coating which was prepared by placing a amall
' amount of A1203 on the RPP gurface and then coating in a 70% SiC,
! 30X S1 pack at ca. 2000K. The phase Il coating was prepared by
coating RPP in a 602 S1C, 30Z 51, 108 AL, pack with no A1,0,
, 8dded to the RPP surface. Despite the large preasure differences
batween these arc jat tests and our studies at ].0"2 torr ptessure the
recession rates on the Phuse II materisl differ by no mors than a factor
of 3. Morecver, the Phase 1 material is seen to bs less reactive below
2000K than the pyrolytic S1C [Rosner and Allendorf (1970a)) at an O-atom
pressure of 10 - torr. The decreased resction rate for the Phase I material
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was attributed [LTV (1972)] to the short duration of their experiments.
Phase II materials showed a tiu dependence of the recession rate with
jover initial rates due to the increase in sample weight caused by form-
ation of a condensed 8102 layer.

The nature of the surface after veaction is of considerable interest
in the present siudy. At lower temperatures (' <1700K) en adherent oxide
£1lm is formed which makes the measurement of chaunges in SiC coating
thickness difficult. This problem was partially solved by lightly
scraping off the adherent film. Fig. 3.2-5a shows micrographs of the
surface and edge after reaction at 1618K for 4 minutes (Expt. No. 244),
Between 1700°K and 1900°K the protective film appears to melt. Glass-
11ke particles are observed on the surface after cooling. The surface
after reaction shows "{slands" of glass-like particles dispersed cn
the costing surface as illustrated in Fig.3.2-5b (Expt. No. 26).

The size of the glass-like particles decreases as the temperature is
ircreased. At temperatures above 1900 K neither the adherent oxide
£11m nor the glass like particles are observed. Samples exposed at
2013K are illustrated in Fig.3.2-5¢ (Expt. No. 18). Unreacted samples
are {llustrated in Fig.3.2~3d,

o -

The above observations apply equally to samples reacted with oxygen
molecules or partially dissociated 02/0 nixtures, Similar observarions
were made for experiments in dissocisted oxygen-nitrogen mixture
except that the particles were observad at the highest temperatures.
Glass-1ike particles were also observed for the two experiments in
dissociated nitrogen at 1826 and 2013K. The surface of samples reacted in
02 above 1800K, in Nz at 2013K, and samplcs that were annealedin Ar for
several minutes abcve 2000K wers black, in contrast to the lighter appearance

_ of saxples reacted under other conditions. XPS analysis showed these
black-colored camples t» have much higher surface carbon than did the
1ighter colored sxaples. Formation of carbon probably occurs yia the
tesction :

84C(s) = 31i(g) + C(s) (3,2-2)
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for which the equilibriun 81 preéssure is ca, 107 torr at 1826 K. The
teaction probability of 02 with graphite [Rosner and Anendot‘f (1968)]

is more than 10 times less than that for O-atoms above 1800K.. Thus, the
occurrance of carbon in experiments with 02 but not with O.atom reactant
is apparsntly due to the lower efficiency of 02 molecules in removing
carbon. Above 2290K, where the SiC decomposition pressure exceeds 10"2
torr, carbon should be found even in ].0"'2 torr of O-agtom reactant. However,
sxperiments were not performed at temperatures above 2140K. Two experimencs
(los. 54 and 58) in which the dissociated oxygen reactant gas was turned
off before cooling the sample showed substantial carbon in the XPS study
dut did not appear black. It is therefore possible that a small amount

of carbon forms on the surface above 1930K even in a dissociated oxygen
énvironnment and is removed by reaction with O-atoms if the sample is

¢ooled in reattant. On the other hand, vhe carbon in these experiments

ssy have formed after the oxygen was turned off but before the heating
eurrent was turned off.

3.3 lmplications

The RPP coating and pyrolytic SiC recession tate measurements reported
above strongly suggest that at least three mechanisms are responsible
for RPP removal. The first is formation of a semi-protective condensed
81.02 layer whose thickness depends upon its rate of formation and vaporization.
This mechanism 1s most importast at lower temperatures and higher pressures,
vhere the vapor pressure of Si0(g) according to reaction 3,2-1.
is smaller than the oxygen pressure so that condensed 81.02 is formed. The
second mechanism may occur at aigher temperatures if the oxygea pressure
4s less than the decomposition prassure of SiC according to EqQ. 3.2~ , Thea
silicon is removed by decompisition of S1C and a carbon layer (which inhibits

T
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84C decomposition) is furrad, whose thickness depends on the reactant/carbon
reaction probability and prassure of reactant gas, These first two
mechanisms occur for 'jJth pyrolytic SiC and RPP coating., The third
mechanisn is the phfdical loss of oxidized particles, which vecurs ohly

for RPY coatings.’ This mechanism suggested by the observation of loosely
adherent parti:les on RPP coating surface at temperaturcs above 1700K

and by the fact that RPP récesaion rates exceed the maximum possible
reguston ~-ates for the first two mechanisms. This is shown graphically in +
Fig. 3.3-.v'l which plots the equilibrium decomposition vapor pressure of

81 over S1C, and the equilibrium vapor pressure of 810 over S!.t)2 at

10.2 or 5.6* torr 02 pressure. Also shown is the total vapor pressure

which 1s developed by the reaction

§4C(s) + ZSiOZ(condeneed) = 3510(g) + CO(g) (3.3-1)

The reason that oxidized particles may be lost by the RPP coating but not

by the pyrolytic SiC is probably related to the following three observatioas.
Pirst, as shown in Fig, 3,3-1 reaction of s protective 3102 coating with

the SiC substrate can, in the absence of Oz,devulop high pressures at

the coating - SiC mcerfaee? Second, the RPP codting density is half that
¢f pyrolytic SiC. Third, the RPP coating contains significant afmmounts of
n203 (see Section 4) which lowers the melting point of 814)2 from 1996

to 1868K [Levin, et al. (1964)].

Thus, loss of 3102 from RPP coating may be due to the force exerted
by the vapor produced by reaction of 8102 with SiC on araas where the
8102 coating covers voids in the RPP coating. The absence of this loss
in pyrolytic SiC oxidation may be due to the absence of voids and by the
possibly stronger adherence of 8102 films which are free of A1203 .
* The spproximate oxygen pressure in the stagnation arc jet tests [LTV,1972].

+ Si(1) may form at a protective Si0,(1) - SiC(s) interface at T » 2000K
where the equilibrium constant for“the reaction Si0(g) + SiC(s) =
gsg(i) + 00(g) exceeds 0,33, the 00/Si0 pressure ratio fixed by reaction

M
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4. SURFACE CHARACTERIZATION STUDIES

4.1 X-ray Photoelectron Spectroscopy
4.1.1 Technique

In order to understand why a given surface has a pargicular ¥
or wvhy ¥ changes on a surface, one must probe the details of the
chemistry and structure of the sample surfaces. The information needed
18 difficult to obtain, but a relatively new technique, X-ray photo-
electron spectroscopy (XPS) or ESCA (electron spectroscopy for chenical
snalysis) [Seigbahn, et al. (1967) ], has broad applicability to the problem.
The principle of the experiment is simple (see Fig. 4:1-1), X-rays
usually Ms-l(ql,z (1254 eV). or u-xa(l.z ('1687 eV), approximately 0.7 to 1.0 eV
1ine width, impinge on a sample and the ejected photoelectrons are energy
snalyzed in a high resolution spectrometer. The number of electrons
recorded versus kinetic energy constitutes the XPS (ESCA) spectrum.
Intensity maxima which occur in the spectrum correspond diiec:ly to the
various bound electron energy levels in the sample, and peak positions

‘(kinetic emergy) can be used to calculate electren binding energies.

Comparison of measured binding emergy teo tabulatinrns of binding energies
for the elements usually allows ready identification of peaks. Exact
binding energies, however, depend on the charge distribution in the sample
(oxidation states) and chemical shifts in binding energy can be used to

ddentify the chemical state of en element (ie. 81 from 3102). Pesk areas

are determined by the cross-section for photoemission from the energy levei
in question, the concentration of the element preseat in the saxple, and

the electron escape depth. In principle, areas can be used for guantitative
aoslysis. ALl elemants but hydrogen can be seen by the technique. Additional

s6
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{nformation is sometimes available from peak shape and pesk splitting. This
48 described in many detailed reviews now in the literature [eg. Carlson (1972)J
Hercules (1972)].

Since the range of 1 KeV X~rays in solids is relatively long, the
depth of the solid which is sampled in X-rsy photcelectron spactroscopy is
determined by the inelastic mean free path ) X.) of the emitted photoelettrons
(ses Pig. 4.1-2). In principls, ), depends on the semple material and
passes through a minimum as a function of electron kinetic energy [Quinn (1962),
Baer et al. (1971)]. Accurate values for A,as a function of material and
electron kinetic energy are not generally available but the most recent
pumbers obtained for 10-1400 eV electroms scattered from densely packed
solids xange from 5 to 40A, with the average about 204, clearly indicating
the potential of this technique for the study of surfaces. Siegbuhn et al.
(1967) showed that the sensitivity of the technique was sufficient to observe

monolayer quantities of iodostearie acid. In the past year a number of

. additional papers have appeared demonstrating in more detail the utility of

this method for surface work. Brundle and Roberts (1972) have observed Hg on
Au at coverages as low as 0.00? monolayers and recorded C(1s) ani O(1s) lines
from gases physically adsorbed on Au at low temperature. RKim and Davis (1972)
revealed a wealth of surface chemistry during the oxidation of Ni and Madey
and Yates (1973) shoved a chemical differentistion, on the basis of XPS
chemical shifts, of the a and B states of CO adsorbed on W', Recent work

at Yale has shown sensitivity of the XPS technique to 0,02 monolayers of Cs on

Mo aud has clearly demonstrated that the angulsr dependance of spectra is an

. important aid in accentuating and identifying spectral characteristics of the

surface itself [Fraser, Florio, Delgass, and Robertson (1973)]. A second

+

Recently, two different chemical states of adsorbed oxygen have been found

b{ Barber et al. (1973) after exposure of the basal plane of graphite to 0
atoms
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paper by the same suthors shows the utility of Ar ion cleaning for removing
overlayers of surface contamination. Removal ¢f hydrocarbon contamination
{present on nearly all samples as a result of handling or deposition during

measuremonts at moderate vacuum) generally results in significantly enhanced
substrate peak intensities. Use of ion bombar¢ment on umli;lcomponcnt satiples

have some uncertainties because some elements nay be removed perferentially,
bt 4t may bé valuable in differentiating samples which have composition
gradients in depth. A more comple:e literature review 1s given in QPR-1, .
A pagticnhrly important problem that arises in application of this
technique to iasulators is that of charging. This occurs when the tonductivity
. is not sufficiently high co allow a ready supply of electrons from ground to
£411 the pesitive holes “generated by the photoemission. Since charging

zesults in an spparent shift of a spectral line, it must be measured or

eliminated in order to record true chemical shifts. Early in this work it

was found that by use of small samples, sometimes covazed by a high trans-

E Mon tungsten grid, spectrs of insulators could be obtained on both the .
- Praser ct sl spectrometor and the cormarcial HewlettPackerd Spectrometér :
. made aveilsble to ug by the Chemistry Dept., but charging could not be

?l . olimfeated. In the last two months of this program, the Hewlett Packerd

Device was fitted with an electron flood gun which neutralized positive

surface charge from sbove and yielded more rellable.

i " To suamarize, XPS is a powerful tool for the study of surfaces.

Chemtcal shifts can give the chemical state of the sanmple surface and

pask areas a quantitative analysis. Tha saugular dopandence of the spectrua

and spectral changes after &rgon ion cledning may be used to differentiate
suzface from bulk species. All of these aspects of the technique have
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been applied to stulies of the TPS materials, but emphasis has been
placed on elemental annlysis of the surface layers. The primary goals

" are the correlation of / with surface composition and investigation of the

stability of surface composition as a function of various treatments.

[N
4.1.2 Results and Discussion of XPS Experiments ? ‘

;<

A, Calibration Compounds. Although, as reported inQPR-l, a number of
b

XPS studies on compounds of interest in this work have appeared in the ;

literature, needed intensity ratios where often not reported and uncertain

charging effects make binding energies unrelisble. Since nearly all ‘ ;
experiments were done on the Hewlett Packard spectrometer [made available

by & grant to the Chmill;ry Department I;y the National Science Foundation

(GP ~ 36553)] calibration data were also obtained on that machine. The

compounds, primarily obtained from ROC/RIClwere analyzed as rec;sived. Mullite (3&203‘

2510,) and aluminum silicide (A1$1) were studied to obtain the relative

photoelectron cross section for silicon vs. aluminum., Silicon carbide (s1C) ,. -
s1)icon dioxide(Sioz), silicon nitride (813114)2 and silicoil oxynicride (819&2)2 : “
yielded the binding energy difference between the S1i(2p) peak and the oxygen,

carbon or nitrogen 1s lines. Except for SiC and s:l.oz.powdcr compounds were,

dusted on doublesided scotch tape mounted on the specimen holder. Because

of the tape background, a comparison of the intensities of carbon or oxygen

with stlicon 1s not meaningful for such samples and hence not reported. The "

results of ¥PS analyses of the calibration compounds are 1isted in Table 4.1-1.

The Table reiterates that the surface purity of materials is difficult

to control. Mullite and quartz gave clean spectra with identical S1(2p) - 9(1s)

Research Organic/Inorganic Chemical Co., Sun Valley, Calif.
Courtesy of fr. M. E. Washburn, Norton Company, Worcester, Mass.
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separations. The silicon carbide samples (Matheson) showed a small
lﬁnunt of oxygen but a single S1(2p) line., The C(1s)/S8i(2p) area ratio
of 1 wvas taken as representative of SiC. The 8102 « 84C separation

was confirmed by 3.0 eV splitting méasured for the S1(2p) line from a
physical mixture of SiC and quartz. A plasmon loss 1line*at 23 eV from
the parent peak was significnatﬁ larger for SiC than §102 and provided a
second, more qualitative differentiation cf the two compounds.

Data for 852@2 are consistent with thoge for the other oxidized Si
compounds and no evidence of surface heterogeneity appeared. This was
not the case for S£3N4. A splitting in the S1(2p) line indicated presence
of 3102 or S&ONz. Because of the unccrtainty of the curve resolution,
clear differention of 8&0&!2 and 8138‘. i8 not possible at this time. Since
the parameters for N é&ﬂtaining compounds are betweer those for SiC and
8102. differentiation of a nixture of all compounds on the basis of
chemical shift would require computer fitting of data.

The mullite data provides an A1{2p)/Si(2p) area ratioc of 1.32 which
represents a relative atomic cross-section ratio of 0.44 4if electron escap;
depths for the two peaks are assumed idertical. This is the value used
to estimate Al content of TPS surfaces. Binding encrgies for the AlSt
surface shov a utxture of A1,0,, $10, and $1, but no uncxidized Al. Tius,
it sppearc that the oxidized surface of this component undergoes phase
separations. .

It should be noted that even with use of the. flood gun absolute binding
energies may vary by £ 0.3 &V due to charging. Thus peak scparations are
the most reliable unergy paramsters. A number of uncontrollable experimental
variables make absoluts peak intensities unrelisble and thus only peak

,

intensity ratios are reported.

A plasmon loss line is due to the discrvte energy loss of photoelectrons
by collective excitation as they leave the solid.
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B. RSI Coating (Lockheed 0042)

Fresh: The fresh Lockheed 0042 coating is Corning 7740 borosilicate glass with
snall amounts of silicon carbide as emittance sgent. XPS analysis of the fresh
material indicated only silica. No silicon carbide or boron were observed.

Are Jet Tested: A number of arc jet tested Lockheed RSI coatings were

received and examined by XPS. While the surfaces consisted mainly of silica,

six of the thirteen samples also contained Alzo;as a contaminant. Conditions

of arc jet testing and A1(2p)/$1(2p) peak height ratios are listed in Table 4.1-2.
An estimste of the Al/Si atom ratioc may be cbtained by dividing the area ratios
in Table 4.1-2 Ly 0.44. In general, for samples containing alumina the amount

of alumina present on the surface increased with inicteasing surface temperature,
and increased exposure time, but note the exception of one specimen, where a

high concentration of alumina was observed at a low surface temperature. Although
A1(2p), A1(28) bindirg energies are nearly the same as those of the Cu(3p),
Cu(3s), differentiation is clear in the Cu(2p3 /2 291 ,2) region of the spectrum,

In Table 4.1-2 assignmeut of contaminant peaksto almina‘is firm, but the origin
of the contamination is unknown.

One sample designated IMSC-LI-30-1800, obtained from the NASA-AMES Research
Center, was known to be contaminated with copper (Goldstein 1973). XPS analysis
of this sample clearly showed copper. Moreover, che structure of satellite lines

associated with Cu(293 2,1 /)peaks ind{cated that most of the copper present in
the saxple was in the form of Cuz"'.

y-Measurement Samples: XPS analysis of samples, exposed to 0, at cs. 1270K
in y-reactor, showed only 5102 and there was no change in surface chunistry
before and after reaction. RSI Samples exposed to O + N atom mixture or ca.l490K
showed the preseance of nitrogen incorporation (Nls)/Si(2p) = 0.05) besides S10
The presence of nitrogen may be due to 8&,&,‘. 8120N‘or dissolved nitrogen.

C. RPP Coating

20

Fresh: The suvrface of fresh RPP Coating contained mainly SiC with some silica

and alumina. The alumina content of the surface ie characterized by the A1(2p)/S4(2p)

tot
peak height ratio as listed in Table 4.1-3.

®* Note: cannct distinguish alumina from aluminosilicate. Oxidized alumimm is
designated Alzo3 for convenience.
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' Table 4.1-3
] P Coat
lé uzpls&?xauo in Fresh RPP Coating ‘
} Specinen v A1(2§)/31(2P)t°“1
#130-26 0.1, 0.04
; M169-3 0.12
' M71-7 0.15
) M170-HT 0.1
- y
N f The average value of 0.1 for the A1(2p)/81(2p)t°t ratio of
L 3

the fresh RPP coatiné will be used for comparison with specimens after
various treatments,

(&

Bipgh Temperature Oxidized and Nitridec Specimens From Mass Loss Exveriments:
In the carlier stages of this project, the specimens were quenched from

’ Bass loss test temperature to room temperature in the reactant gas streanm.
, later this procedure was modified so that the reactant gas stream was
replaced with an argon stream at the end of reaction ~nd the ssmples
were quenched in the argon streanm.

‘_ . Bxposure to Dissociated Oxygen: The XPS zesults of the specimens
after reaction with partially dissociated oxygen at temperatures from
1410°K to 1930°K are summarized in Table 4.1-4, C(1s) peak heights

for free carbon were obtained directly from the free carben line winea it
wis well resolved or by subtracting from the total C(1s} peak the
emount of carbon that was locked up as $iC (assuming that the cross
section for C. and 51 are the same; see Section 4.1-2A),

The sanples quenched im argon or in dissociated oxygen from
felatively low temperature ( < 1620°K) exhibited similar surfece cheaistry.
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l; The sample surface consisted mainly of 81.02 with alumina concentrations
{ nearly the same as that of fresh material.

St~

The surface chemistry of samples quenched fcouw higher temperatures
depeni:d on whether they were quenched in argon or inm dissociatesd
oxygen. The surface of a sampl- that was quenched in argon after
reaction at 1930°K contained a substantial amount of free carbon on
the surface. Minor amounts of SiC were also present. The surfaces of
gamples quenched in dissociated oxygen, hawever, consisted of a mixture
of £4C and Si.Oz and contained very little free carbon. The concentration
of alumina on the surface was very swall in samples quenched from high :
temperature and did not depend upon the method of quenchirg. )

e gn

The dissociative vapotization of $1C (SiC(c) -+ 8i(g) + C(c), and
s10, (810 (1) -+ s10(g) +35 1o ,(8) are plotted in ngure 3.3.1. At !
1930K the vapor pressure of Si(g) is substantial (10~ torr) Hence
during reaction at high temperature and low pressura the surface is
- 1ikely to b2 bare of any protective oxide film. This 4s in accordance
o with the results reported by Rosner and Allendorf (Rosner 1970). We
have found that at this temperature SiC tends to lose silicon and form
a carbon rich layer when heated in argon. Thus, the observed high
concentration of carbon of the samples quenched in argon is taken
as due to the dissociative vaporization of SiC(s). When the samples °
are quenched in dissociated oxygen they can undergo partial oxidation
as the temperature decreases and form a stable Si‘O2 film. One would
then expect that surfaces quenched in 0 should consist of SL{C and
8102 at room temperatures, Our XPS results are in accordance with
this hypothesis. The oxidation probability of carbon is also high
P > 0.2) in atomic oxygen [Rosner and Allendor£(1963))above 1000K so
) ; very little free carbon is left after quenching in dissociated oxygen.
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Exposure to Undissociated Oxvgen Molecules: The XPS results
for 02 experiments are summarized in Table 4,1-5. The surface of the

sample quenched in argon after reaction at 1930°K consisted mainly of
carbon and SiC. This result is similar to that after reaction with
dissociated oxygen. The spectra of samples quenched in oxygefi were too
weak to allow quantitative interpretation. At 1722°K, the surface

. consisted of sic, 8102. Minor amourits of free carbon were also

ohserved. The surfaces of samples after reaction at 1930°K, 2013°K
show a substantial emount of free carben. Although in Expt. 16, part
of free carbon observed may be associated with the gold backing, the
results indicate that the oxidation of carbon in oxygen molecules is
not as fast as in atomic oxygen. This is again in accord with the
findings of Rosner and dllendorf (1968). They report that the oxidation
probability of graphite is at least an order of magnitude smaller in
molecular oxygen compared to oxygen atoms.

Exposure to Dissociated and Undissociated Nitrogen: XPS results
for these experiments are showvn in Table 4.1-6 . The surface of the

sample reacted with undissociated nitrogen at 2013 *K (quenched in
argon) consisted of carbon and minor amounts of silicon. No nitrogen
was cbserved. The binding energy value of sibp) peak and a smaller
value of 0‘13]5139 suggest that the silicon present is probably in the
form of S1C. The absence of any silicon nitride indicates either that
there 18 no reaction between silicon ecarbide and molecular nitrogen or
that any silicon uit:i:da formed vaporized during quenching. Rosner
and Alléndorf (1970) report that the reaction of Sif with molecular
fnitrogen /8 negligibly slow.

Exposure to dissociated nitrogen at 1826°K (and cooled in dissociated
nitrogen) led to a significant incorporation of nitrogen in the eurface’.
Although the binding energy differences between Sig,., sig 138‘,8189}‘2 are

yery atmu, the high value of N(1s)/$1(2p) and the small value of c(ls)s 1
N NN .
¢ Our XPS data also reveal that atomic nitrogen is cffective in removing
the free carbon formed upon SiC thermal decomposition (see the free
Eﬁ /8%, ratio for runs 48, 56; c¢f, nun 54). This is consistent with'
8 fiming of Rosner and Allendorf (1970a) thdt N atoms react
efficiently with SiC, but not efficiently with pure graphite.
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¥PS Results of Mass Loss Specimens Reaction with Nitrogen

Expt, No. Temp. PN S T paec /842 s Remarks
* . .
4 (‘roxzr) (sec) 812p Si2p is §i2p
The following specimen was reacted with undissociated nitrogen and cooled in argon
57 2013 0.53 600 0.5 0 100 1.0 Silicon is
’ ) probably in
the form of
. 81C

48

36

" The following specimens were reacted v"ith dissociated nifingen

1826 0.57 300

0.24 2.3

107 6.‘ Coolad in dissoci~

ated nitrogen.
Hajor amount of
silicon is in the
form of 813N 4

. 81201!2

0.55 Cooled in argon

2013 600 .0 1,16 13.8 1.7

n '




AR T

o d

A T AN L A SRR A R

indf{cate that most of the silicon observed was in the foru of 8133‘ or

sﬁouz (approximately 752)., It is not possible to differentiate between
the nitride and oxynitride.

Peaction with dissociated nitrogen at ga. 2000°K produced a lesser
amount of nitrogen in the surface. There was also substantial increase
in the free carbon. The small amount of nitrogen can be ascribed to
dncreased volatility of silicon nitrides at the higher temperature. Since
the sample was quenched in argon, formation of nitrides at lower temperatures
was prevented but some free carbon was generated.

Exposure to Dissociated Oxygea - Nitrogen Mixture: The XPS results
for these samples dre summarized in Table 4.1-7. The reeults are comparable
to those after reaction in dissociated oxygen except for the presence of

nitrogen incorporated in the surface in certain cases. Reaction with
0 + ¥ wmixture up to 1620°K produced an essentially silica surface with no
nitrogen. This bebavior was independent of the method of quenching and

. indicated that oxidation is more favorable than nitridation at temperatures
( p . belew 1620°K

At temperatures above 1620°K, the observed surface chemistry depended
on the method of quenching. After argon queaching the surfaces of
specimens reacted with the 0 + N mixture at temperatures 1720 - 1820°K '
consisted of silicon carbide, nitrides or oxynitride. No 510, was observed. - .
In. one specimen (Expt. No. 61) a significant increase in alumina was observed. ,

After 2000°K only free carbon and small amounts of SiC were present.

The surfaces of samples quenched in reactant gas mixtures after reaction ’!
. at temperatures above 1620°K, consisted of SiC, $10, and various amounts of 3
‘ dncorporated nitrogen. Note that sample #38 showed only 81.02 and no nitrogen

Tvwo other samples reacted under similar conditions failed to confirm this '
isolated behavior, '

. An attempt was made to collect condensed vapor on a Tg plate downstreanm

from the specimen. XPS analysis showed that the condensate was mainly
#1ldca. '
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The XPS vesulcs obtained with nitrogen + oxygen mixtures are
consistent. There is evidence for nitrogen incorporation in the
surface at temperatures above 1720K. At temperatures above 1820K, ﬁ
the results suggest appreciable loss of nitrides or cxynitcrides by ' I
diszociation (Siaﬂa(c) + 38i(c) + 21!2(9) or oxidation (813“4 + .
302 - 38102 + 2&2). Fcr specimens quenched from high tewperature : B ;

in the Teaczant mizitwra, the incerporation f nitrogen may occur at *;
lower temperature. The silicon oxidation behavior is similar to
that in dissoclated nxygen. The results are not precise enovgh to ‘ J
differentiate 8120312 from SiC or 81315!‘) y

Arc Jet Tested RPP Samples . )

R e

e o A N 153 9 TR W SRR M TR S e

The surface chemistxy of three arc jet tested samples showed &
. wide variation in spite of similar arc jet test conditicas, The
w..rsce of sample M130-25 consisted mainly of alumina with small amounts
of 813, Tht surzacce of the wther two specimens showed equal amounts :
' of silica and A1203. *“ae conceutrvetion of z2lumina was higher then that =~
( ’ " of fresh RPP material by a factor of 4.

s

alied & ot iu

1. Specimen Surface Avg. Stream Enthalpy Cycle Al
Temp °K BTU/1b =22

L2

b :
%
&

»
RS

M130-25 1854 6200 1
W1a-11-1 1916
' W18LE60-1 1905

QON
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Surface COncentr‘ation of Alumina as a Funection of Treatment: As
shown in Table 4.1-3, the A1(2p)/S1(2p) peak height ratio was about
0.1 for fresh RPP coating. Reaction with oxygen and O + N wmixture
at temperatures 1620-1820K in the mass loss reactor did not change this
ratio sppreciably. However, after y-measurements at 1820K with N+ 0 ,
the ratioc increased by a factor of 4. Reaction with N also increased
this ratio to 0.24 at 1820K in mass loss reaction and 0.52 at 1720K
in the y-measurement raactor. Plasta arc jet tests in air at 1900K
also produced a surface rich in alumina. ‘

Righer temperature (above 18201() generally resulted in a very small
value A1(2p)/S1(2p). At low temperature of 1410°K, again a small value o
was observed (Sample #36, Table 4.1-7) )

Youngblood (1972) xeported that the majority of alumina is restricted

to the first 20um fro; the surface, and concentration st the surface is higher

than in the interior. Thus, removal of this surface layer would result

in a very small surface concentration alunina,as observed in mass loss :

specimens after.high temperature treatment and substantial surface M

recession. Treatment with § produced a rather adherent film, and the

preferential evaporation of silicon can account for the higher value for
_ A1(2p)/S1(2p) ratio. At lower temperature the evaporation of silicom

and the surface recession are small, and hence the A1(2p)/Si(2p) ratio

is the sazc as the fresh coating. If contsmination of zluminum is ruled ;

out 1f arc jet experiments,the resulting increase in A1(2p)/51(2p) should }

be due to preferential loss of Si.

It follows from the sbove discussion that the presence of alumina

on the surface may be an indication of an adherent product film and a
smell surface recession. An exception to this implication was found in
ons sample at a low temperature of 1410K wvhere an adherent film, and a :

.+ A1(2p)/81(2p) ratio of 0.1 were expected. A vather low Al(2p)/Si(2p) i
value of 0.02 was found in this case. This could be due to engulfing of
sluaing by smz (Spegr S1C = 3.22; Sp°'gr of swz . 2,2-2,6), or the
1oss of the surface layer during handling but canust be resolved without
further investigation.
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y-Measurement Samples: XPS analyses were made on sanples after réaction

with O, N aad 0 + N 1n the y-reactor. The results are sumparized in

Table 4.1-8. The reaction with O produced a surface chemistry similar ¢o that
cbserved in mass loss specimens. The surface consisted of $10, with some free carbon
and the fresh Al(2p)/si(2p) ratio. Exposure to N also rejulted in o

surface consisting of $iC , statl‘ or sxztmz with & rather high amount

of alumina (A1(2p)/Si(2p) = 0,52). This is again consistent with mass

loss specimens. N + O treatment gave similar results.

Sample spectra of XPS results on a specimen after reaction with
N + 0 ot 1673°K in y-reactor is shown in Fig. 4.1-3a. Spectra of &
specimen after reaction with O at 1722°K in mass loss reactor is shown
in Pig. 4.1-3b. The figures indicate that the N(ls) and Al(2p) peaks
are considerably highcr" after exposure to N + O mixture. The S1(2p) peak
4n 4.1-3b consists of two peaks (AE = 2.4 eV) corresponding to SiC and
8102. The location of the single S1(2p) peak in Fig. 4.1-3a suggest that
it is either SiC, 81386 or sqmz (see Saection 4.1.2A) and definitely mot
8102. The C(1s) line inm both figures is split showing both free carbim
and 8}0. The high binding energy peak corresponds to free carbon and low
_energy one to 8iC. Note that the intensities of Cg,. and 815, are nearly
the sane. The 0(1s) peaks are mot split but their intensities are about S
ten times those of the silicon peaks ' ' :

The figures also illustrate the fallibility of using absolute intensities
as a measure of the amount of an element in the specimen when the experimental
conditions are not controlled rigidly to preserve cleanliness,

The Fig. 4.1-3b was obtained with a new x-ray amode, and Fig. 4.1-3a was
taken about fiftsen days later. Note that the intensities major peaks have
been reduced by about 50% in 4.1-3a. This general lowering of intensity
s presuned to be dus in this case to a lower x-ray flux.

16 S , ?
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D, Nickel: Nickel samples were analyzed by XPS before and after y
measurements. ‘he spsctra showed that the surfaces of initial nickel
samples were Ni0 or N10 with a minor amount of Ni metal. After recom-
bination studies up to 1070°K, the surface consisted of only NiO.

The implication of this result is :iu::,as ‘expected, y measurements were
don~ mainly on an Ni0 surface, and the cleaning process did not remove
the oxide film. Kim and Davis (1972) report that an evaporated nickel
film oxidized to N1203 in air in fifteen minutes, Hence if y values on
pure nickel are required, then the nickel metal should be formed in situ

either by reduction with hydrogen at high temperature, or by evaporating
nickel in vacuum.

4.1.3 Conclusionsand Implications of XPS Experiments
/

The conclusions drawn froz. the data presented in Section 4.1.2 are
summarized briefly below
1) Nitrogen is incorporated into the RPP surface after exposure to
B atoms at temperaturas from 1600-1900°K. The amount of nitrogen
or the surface decreases as the temperature is increased from
1900°K to 2000°K. No nitrogen is takea up in Nz.at 2000°K. Thus

XPS may provide a qualitative test for the presence of N atoms in
a xeactant gas stream.

2) In the temperature regicon 1400°K < T < 1600°K Si on the RPP surface
4s present as 8102.

3) At tomperatures about; 1700°K an integral Si()2 protective coating
4s not maintained on RPP under the conditions of the mass loas
experiments. Heating RPP about 1800°K in Ar yields a greut excess
of carbon on the surface. A carbon excess is also seen after

heating to 1900°K in 02, as a result of the lower veaction probability
for 0, va. 0 in oxidation of carben.

4) Loss of Al on the surface after mass loss experiments on RPP at
T » 1700°K indicates s:bstantial surface recession and non-adherent
surface film, . High Al content of arc jet tested RPP sanples may
dndicate formation of a more adherent protective film at the high
oxygen pressures of the src jet experiment.
9
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S) All y measurements in RPP materials have been done on surfaces
containing aluminum.

6) Half of the arc jec tested RSI samples received were contaminated
with Al, Such contamination of arc jet tested RPP samples camnot
de ruled out but enhancement of Al surface cohcentration by Si
evaporation is possible. '

7) The surface of the nickel used for Y calibration runs was N10.

The presence of aluminum on RPP surfaces suggests that the effect of this
component on y should be studied independently. Stability of the surface
£filn on RP'P at the pressure used in the mass loss experiments appears
poor and is aided only slightly by the presence of N atoms, The effect
of reactant pressure as well as surface temperature appears to be

dmportant. Future tests of RFP stability and estsgblishment of criteria
fo. veliicle re-use can be aided by XPS.
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4.2 Scanning Electron Microscopy

4.2.1 Technique

The physical morphology of the surface has a significent influence on
thé reaction kinetics, primarily through the extent of the surface available
to the reactants (interface area) and through the ease of access of the
reactant to the surface (pore size di-tribution). Moreover, in non-planar
surfaces involved in a gas-solid reaction, there may be multiple collisions
of the teactant (gas) with the surface, thereby increasing the "apparent"
reaction probability [Rosner, (1972)]. It ie also possible that the physical
nature of the surface may change in the course of the reaction, thereby
sffecting the reaction probability. Thus,in the study of gas-solid reactions
the physical structure of the solid surface should be defined.

At présent, a complete characterization of physical structure or the
“roughness" of the surface, especially of inhomogeneous surfaces, can not
be made. However, scanning eléctron microscopy provides a tool by which
one can obtain morphological details by means of high resolution pictures
with good depth of focus and minimum sample preparation [Drew (1968), Murr
(19703} ’

In scanning electron microscopy a high energy electron beam (10-20ReV) is
swept across the ‘_autfacc of the sample. Low energy secondary electrons emerge
fzom the solid as a result of atomic excitations. The energy of these
slectrons as a general cule is less chan 50 eV, and characterized by a
maxima around 10-20 eV. The secundary electron yield depends upon the
dncident beam energy, surface chemistry, density of surface sites and mnve
foportantly on the surface morphology becuuse of the angle the incident
bean makes with any particular site. Secondary electrons emerging from the
surface are collected, amplifiud, synchronized, and presented on a video
display. During tho s:ianning, the changes in surface morphology result
du changes in secondary electron current and this provides an intemsity
contrast in the CRT display. The resulting image ti: : obtained appears
three dimensional because of the secondary electron cuirent ¢ontrast and

by virtue of large depth of field assoziated with the small size of the
incident beam and small aperturs angles azployed in the electzon optics.
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The ease of preparation of the sample (enly a thin coating (500:)
of, gold is necessary to prevent charging), and large depth of focus
ohtainable makes the scannicg electron microscopy suitable for the
observation of surfaces of TPS matariala. Even though complete
characterization of the roughness of the surface cannot be made by
scinning electron microscopy, brodd changes in the surface mr}hology can
te correlated with the reaction prob.bility.

4.2.2 Results of Scanning Electron Mictoscory Experiments

The surfaces of TPS zaterials were observed by SEM in the as received
stace and after cxposure at high temperature to O, 02, N, Nz and N+ 0O
in the atom recombination reictor or in the mass loss reactor. Plasma arc
Jet tested samples were ilso examined. Although many of the
details in the ucrographs can not -b¢ described funy due <o inadequate
teminology. a brief amu-y of the obsetvatim 18 described.

“A. BSI &ntins (l.ockheed 0042)

Presh and Ion Bombarded: The surface of the fresh material was very

emooth with little detail. Argon ion bombardment (580 eV), however

produced a low demsity of pinholes. The hole size rvanged from 0.5 um

to about 10 ym. The surface was depressed around the holes. :

Exposure to Oxyger Environment (y-measurement sauples): Heating the RSI

to 1100K in an oxygen atom atwcsphere produced a smooth but wavy surface
with craters of varicus sizes (up to SO um), as shown in Pig. 4.2-1.

HBigher tetperature treatment produced a somevhat more pronounced wavy surface
but with a lower density of craters. The craters appear to ba dus to

escape of gases from the bulk in the form of bubbles.

Arc Jet Tested Samples: Samples arc jet tested at 1300K produced a surface
similar to the one described above. A bubble that was frozes is shows in
Fig. 4.2-2. The bubble density decreased after exposure to 10 cycles. Higher
temperature testing (1600K) produced very rough cauliflower~1ike surface.
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B. RPP Coating

Fresh: The PPP coating was made by siliconizing a woven graphite substrate.
Carbon fibers (about 1 um) were bundled in about lmm bundles and woven in a
criss-cross manner. While the woven structure was clearly visible in the
sdcrngraphs, the surface of the fresh coating was relatively smooth. Cracks
of the order of 0.01 mm wide were also observed. The surface of the coating

- was broken in places where the huudles cross each other. Fig. 4.2-3

shows the surface of fresh RPP coating,

Higher Temperature Exposure to Oxygen, Nitrogen Atoms .and Molecules: Scanning
electron micrographs were obtained after oxposure to 0, 02, 0+ X at 1618,
1826 and 2013K. A sample exposed to N at 1826K was also examined.

Reaction with 0, 0, at 1618K produced a loosely adherent film on the
surface. This f1lm had a tendency to fall off when subjected to mechanical
shocks., The surface of the film was relatively smooth and flaky in structure.
The substrate underneath the coating appeared to be similar to the fresh
material. An adherent film and the substrate are shown in Fig. 4.2-4.

Exposure to O or 02 above 1720K appeared to havg melted the protective
£1lm, After cooling shiny glass like particles were seen. In the lower
1imit of this temperature region (1720-1930°K),they formed bridges and hence
they were relativaly continuous. Xo the upper limit only small isolated
1slands were observed. The film thus formed was extramely fragile and
usually fell off during handling. For this reasocn, scanning electron
micrographs of glass-like particles are not available. However, photo
atcrographs taken socn after reaction provided the necessary observation.

At 1720X, probably due tc; low viscosity, the molten layer appedred to
ta susceptible to aerodynamic shear. Fig. 4.2-5 illustrates this, where
molten layers were frozen in the sides of samples.

Scanning electron micrographs of the substrates after exposure to o,

02 at 1820K showed a very smooth surface. Wide cracks along and across
the specimen ware also observed. At high magnification, as chowm

in Pig, 4.2-6,0ne can observe small spherical particles. Many of them
lumped together. Exposure to N atans at 1826K produced a dense looking

surfsce. Surface cracks were fewer in oumber. FPig. 4.2-8 1llustrates
this for comparison purposes.
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«] i Exposure to mixture of N and O atoms appeared. to produce a more
'y
g ; sdherent film. Examination of a sample after exposure to N + 0 of 1826K
S ¥ produced an appearance similar to that of a sample exposed to 4, 02 at
1618K. . '

Higher teémperature exposure at 2013K to oxygen produced a surface
clear of any preduct film. The surfaces looked etched and cracked in
numerous places. Deep pits of various shapes'wete also observed. At very
high magnification the surface was full of holes of the order of 0.3 um
as showm in Fig. 4.2-7. N + O mixtures at this temperature appeared to
jeave a thin, adhereat spongy film on the surface,

These observations indicate that the behavior of the protective film
can be classified into three different regions from 4ts physical morphology.
The low temperature region (below 1720K) produces an adherent film (even
though susceptible to mechanizal shocks especially towards the higher
tesperature limit) and the surface appearance 18 similar to that of fresh
coating. At moderate temporitum (1720-1920K) the film melts and is
susceptible to aerodynamic shesr at the testing temperature, On cooling, the
3 £41n 18 extremely susceptible to handling. At high temperatures (above 1920°K)
' generally no product film 48 observed and the substrate is full of microholés.
Exposure to nitrogen atous produces a denser and well adherent product below
1920K. Behavior of the surface layer in mixtures of 0 and N is between that
of pure 0 or K. A fairly adherent film is observed at moderate temperatures,
and the high temperature erosion is not as severe as in Q.

Arc Jet Tested RPP: Surfaces of RPP coating after exposure to a plasma arc
jet around 1900K were cbserved by SEM. Results were somewhat different

vith dffferent samples even though the test conditions were similar. The
surface of specimen (M 130-25 M131) was highly rough and showed a many-lsyered
opan structure. In places vhere these layers had been sbraded, the surface
vas granular in structure. This sample showed high Al surface content in

XPS measurements. The surfaces of two oth?r specimens (W1SLE6O-1, wis-11-1) -
wers smooth vut wavy. The materials appeared o ‘be abraded along the direction
of tha fibers. Some wide cracks were also observed in these samples and this
nsy be due to handling in our iaboratory (it was necessary to break the specimen
o small pilaces for XPS analysis). It should be noted that crack: ware also
observed sfter mass loss sxpariments where mechanical shocks were absent,
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¢ 4.2.3 Conclusions and Implications

i,
et

) The preseace of bubbles on the RSI (Lockheed 0042) coating after
- ‘ heating to 1300K suggests a significant uptake of gases or a gas

| generating mechanism in the bulk. Further investigation of this
phenomenon is needed. Higher temperatures (1600K) produce very
gough surfaces,

e

The protective oxide f£ilm formed on RPP coating after reaction
with O at 1600K in the mass loss reactor is not adherent and provides
1ittle protection from further oxidatiom. The oxide fiim melts at
higher temperature (1820K) and may be subject to aercdynamic shear.

At very high temperature (2000K) the surface of RFP after oxidation or
aitridation is very rough. ' s
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Based on the results of Section 4, both XPS and SEM techniques
. may be useful for testing surface conditions after a flight in order
¢ to dscide on the replacement of TPS coatings.
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5.1 Method of Predicting Radiation Equilibrium Surface Temperatures
for Candidate Thermal Protection System Materials

We have developed a simple procedure for ptad:lcting\ \sutface
; temperatures during re-entry at representative points on the space
; shuttle orbiter (eg. nose stagnation-point, wing leading edge
and lower fuselage) for the candidate TPS materials, including
those studied in this program. Thiz procedure, outlined below,
t should also prove useful in the future as new coatings and vy
; weasurements become available, since it rapidly provides a
» quantitative measure of the benefits to be achieved in flight via
reduced local atom recombination rastes. Using this method for a
. material with any yo(’rw), yu(l'w), c('r') - relation* and for an
. orbiter with any prescribed re-eatry trajectorv (on the aliitude-
flight velocity plane) the instantaneous surface temperature at
. ( N which the outgoing thermal radiation is in balance with the
o prevailing aerodynamic heat flux ¢an be predicted at critical
points on the Orbiter vehicle. Basically, for surface elements ;
with an insignificant "view" of other Orbiter surface elements :
the quasi-steady radiation equilibrium temperature is obtained P p
by a numerical soluticn of the nonlinear equation: : ; !

S
sy cort - -3 (5.1-1) |

stliere q: {T w) is the prevailing aerodynamic heat flux to the surface
element under investigation, and ¢ is the Stefan-Boltzmann constant.
The approach we have adopted to calculate -ic (T.) includes the

w

distinct participating physiochemical phenomena in a rational vay,
, and yet leads tc rapidly evaluated formulae essential for engineering
design purposes. As will be seen, where necessary, the method is
"calibrated" via numerical solutions to the nonequilibrium shock
layer-boundiry laver problem reported in the literature.
* Hare 6(‘1‘”) is the total hemispheric emittance of the material under
the conditions prevailing during re-entry
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3(‘-, Our basic assumptions and the dominant effects takea into account
- are the following

BRI T | H N

a, Stagnation point (or line) heat transfer is comprisced of

. a thermal (Fourier conduction) and chemical {recombination) . )
contribution, the latter l?eing estimable fo:\ conditions 1

of Orbiter re-entry by fieglecting three-body 'gas phase |

] atom recombinstion [cf. eg. Rosner (1963)]. !

RN ¥
g T e
L3

d. The atom recombination contributions due to O and N are
treated independently since, in general, 70"78 and differing
amounts of 0 and N atoms will be generated in the shock
‘layer, depending oh geometry and flight conditions’ : -
{cf. eg. Kang (1970, 1972), Blottner (1969), Li (1973) 1. | *‘

M kals

o oG

ey =

e¢. While high Reynolds number Boundary lazyer (ﬁl.) theory provides
a useful first approximation to -&; , the density ratio-shock ‘ |
Reynolds number product [p,/v,) * Be,] is small enough under 4 ¥
conditions of peak orbiter heat uu: to uecessitate the L -
dntroduction of a correction factor Fpe -qv {c qv)m. expected
to be not very different from unity (cf . eg. Cheng- {1963),
under Space Shuttle Orbiter conditions.

1

|
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d. Owing to inadequate '.)2 and Nz residence time in the low density

T . shock layer, the ¥ and O-atom concentrations attained at

the effective outer edge of the wall boundary layer (see Fig. 5.1-1) 4

in general, ‘fall below Zaat corresponding to local thermodynamic : -
F ; equilibrium (LTE) at pont-shock adiabatic stagnation conditions | i f
(cf. eg. Chung (1961), Tong (1965), Park (1964), Inger (1966), 3
Rang (1970, 1972) }. This influences the partitioning of «q'
between conduction and atom reccmbination by increasing the former

at the expeuse of the latter. 4

. _ e. At the prevailing reactant pressures and umpenturu ) ‘

, R and/or O-atom loss by chemical combination with :

she surface (eg. to produce (S10(g), CO(g), 8£3N‘(c) atc) : ‘ -

14 negligibla compared with surface-catalyzed atom recom= .
! bination

+

o .U“.u;.l lll” AN

Ml By oddinn sanlbespd AL WL

Also, should it be necessary in the future td accuint for surface-
‘ catalyzed NO(g) production, or homogeneous bimolecular resctions (sse Cection
& $.3.2) tnformation on both wy, aud wy will be required.

t ‘\} . .
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To evaluate (-qv)n we exploit the correlation recoumended by Rosner
(1963), which, for our present purposes, can be recast in the following
form:

(wq;")n - (p_b SIh)n . Ah‘ f1+2 0"!!‘ ] (5.1~2)
4=0,N
Hevre the relevant heat transfer coefficient is:
=0.6

0.1
0,763 0., .. '
Gu sty = or [|—% (8o v (@r) (5.1-3)
. thBl. 0.570 (pc"e) ( °.) .

for a 3 or 2-dimensional stagnation point, 8 being the prevailing velocity
gradient at the outer edge of the boundary layer. Since Ahf is the "frozen"
enthalpy difference across the boundary layer, the terms Q (1-0,&)
explicitly embody the atom diffusion-recombination conttibutions. Thus,

in the absence of gas phase atom recombination, we writc [Rosner (1963)]:

4 - ;:'t‘cﬁ: T (=0, ©(5.1-4)
Vhere ) § (mw H .
w = B L ) W e — (5.1-5)
. Fpe * GV - s::h)n * (Ley)
wa
0.6 . Vcnen. 1, max
: u 2 (e —chen. 1, oa (5.1-6)

4

ic is convenient to introduce two functions of shock layer Duk:hler

number, YD am. 4 defined by .
"en,a * g o/ oeq ( @*O,N) (5.2-0) -

4+ Our notation is largely that of Rosner (1963). lmt is thc specific gas
constant and "1 is the Lavis number based on the pnodo-btuty diffusion
cocfficient D, ..

% Here we assume that T, is not so large au to cause w,
comparable to oy v (1 =0.)

..q('r';p) to bte

”




*
S~
3
-

B N s i B aibiad

P

R e o -

s

This will allow us to take into account incomplete shock layer dissociation
(item 4 above), expected to be espaclally important for egtimating the
N-atom contribution to -63 « Values of 'B:I.. eq are readily calculated from
Eq. 5.1-6 with ?Dm. " 1 and the values of “1, eq given in available tables -
og. Lewis and Burgess (1965). As discussed below, values of Pm’ 4 are
computed in a separate subroutine from correlation formulae compatible

with specific shock layer computat:ions (cf. eg. Chung (1961) Park (1964),
Tong (1965), Inger (1966), Chung, Holt and Liu (1968), Kang (1970),

Blottner (1969) and Li (1973)]. The values of FD am.i 7O only explicitly ’
: ]

determine the 'Bi.' but they appear implicitly in the evaluation of 4h.,
wvhich 138 shown below to exceed (Ahf) o (the value of Ahf that would have
prevailed had complete equilibrium been achieved st adiabatic post-normal

shock stagnation conditions { see Fig. 5.1-1) ).

Since complete post-shock equilibrium air conditions have been
conveniently tabulated by Lewis and Burgess (1965) at specific altitude-
velocity couples (2,V ) by reading in these data . nd using a simple two
dizensional (Z,U ) interpolation, we have developed a computer program
vhich finds Tw ysing the above formulation for a vehicle passing through
any point on the altitude (Z) flight velocity (U ) plane. Thus, radiation

equilibrium temperature calculations are mow pogsible , for any orbiter

vehicle trajectory. Of course the correspoading tempcratures for very

active or totally inactive atom recombination catalysts of any
emittance can also be rapidly obtained, to determine the margin available
for future naterisls improvements via reductions in yi(‘rv).

+

.

We sdopt the convention that 'rw is the reference temperature in apportioning
chenical and thermal contridutions to the gas mixture enthalpy. Thus

hg.' =0and h 1 is based upon hests of formation evaluated at 'r'
[see, eg. Rosner (1972) and Bartlett and Grose (1969)],
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While the procedure is illustrated here for the forward staguation
reglion of the fuselage (nose) and wing it can be modified via the use of
an effective valup of B to provide estimates at other critical locations
on the orbiter vehicle (eg. at the base of the fuselage). Thus, at high
angle of attack the fuselage will take on some of the serodynamic charac-
teristics of a swept "cylinder", This implies that a point on the wnderside ' :'
of the fuselage along the line of bilateral symmetry of the aircraft
but upstream of the wing might be considered to be on the two dimensional : '
4 : stsgnation line of a "cyiinder” with an effective nose radius obtainable ) .
L from the fuselage cross-section and exposed to a ncrmal velocity U sin a.
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Further development and exploitation of these methods was beyond the scope
of the present program, however, it is useful to consider the following
details of the method to provide the basis for intelligent modifications
ind extensions in the future. Illustrative calculations and discussions
of their implications are given in Section 5.2 for the RPP leading edge/nose
cap material. Extensions of our methods to provide rational predictions for
downstream RSI panels will be considered in the future.
4+ For a 3-dimensional, symmetrical stagnation point (blunt nose) we use
thie modified Newtonian approximation for the inviscid velocity gradient, .
#,eppesring in Eq.(5.1-2). [Boison and Curtiss (1959)), viz

8= (Gt L 2= Gl WP umy

.¥or a 2-dimensional W: stagnation line the corresponding value of
8 1s (Hayes and Probstein ( 1352 ) Is

R4

Be 1360, 112 vy

¥ No attempt is made to compute here the tradeoff between the beneficial
‘ottoc: of wing swaep~back (via reductioa of normal component of valocity)
. and the viscous dissipation associated with the spanwise component of the
flow, Since treating only the former would be overly optimistic,our !

two-dimensional stagnation line predicticns (see Section 3.2) ars for an
equivalint unswept "cylinder”,
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S.1.1 Eguilibrium Stagnation State Conditions .

An important "raference” state of disscciated air for computing

1ocal aercdynamic heating is the equilibrium state obtainzd by adiabatically
stagnating the hypersonic free-strean. A sufficiently complete description

of this state would consist of the pressure p., the temperature 'l‘e eq

and composition (mole fractions) x (1= O,N,,NO, N Noseoss)d, Eron which
i,e;eq 2 2

8%l thermodynamic and tramsport properties entering Eq. (S.1~1)could be

computed. This state could, of course, be computed ab_initio for each flight

condition, (U,2) using a subroutine incorporating the equations of state,
energy, momentum and a Gibbs free-energy mininmization procedure. However,
since our goal is a design-oriented aerodynamic heating program which
involves maximum simplicity and minimum computer time we instead make use
of the availability of such equilibrium stagnation state calculations at
mgesh pofats” in the range U = 6 (1) 26-kfps, 2 = 130 (10) 400 Ket

{ see Lewias and Burgess (1965)}. These data are put into the program on

cards and two-dimensional interpolation is done to provide the value of any

groperty 3(U,2) in terms of the tabulated values of this same property at
the "neighboring” mesh points. For this purpose we use the truncated
(quadratic) series expansion:

$(0,2) = §Z) + G0 + (§) « 2
+ %‘ [(QW%q(U-Uo)z +2(§zu)°‘ (U-Up ) 2-2 ) + (gzz)a(z.zo)zl

where (lla .Zo) 18 the nearest mesh point on the altitude-flight speed plane
snd the partial derivatives evalusted at this point, eg.(}z)o g (aQ/aZ)z,O

etc. are evaluated using central-difference formulae [ see, cg. Hildebrand (1966) ]

It £light conditions are such that complete 02 and “2 dissocistion 6ceurs
within the shock layer then these interpolated properties § are used as is
to compute p ., K., Aht etc. required to evaluate (-i;")n. However, should
the shock layer diss.:iation kinetics of 02 and /or Nz be inadequate, the

abovenentioned “reference" properties § are stiil used to generate relevant

(5.1- 8 )

gas mixture properties at the outer edge of the 'oundary layer in terms of

the values of F, am, 4 H “1.&’"1.0;&:{ (1 = O,N). This procedure is outlined
in Section S5.1.3.
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S.1.2 \'i'hpmdmmtc and Tvansport Laws and Data

The present version of the computer program incorporates the S
follewing basic assunptions and conventions: : y

~
. R, PR T T
g I AR LT A O PR O

a) dissociated air can be cons’dered a mixture of che S perfect !
gases 0, 02. NO, N and r,

transport properties for euch of these neutral species depend Co
on local pressure and terporature in accord with the predictions !

of first-order Chapman-Enskog theory with the Lennard-Jones
12:6 interaction parameters given by Svehla ( 1962 ). The i
thermal conductivity of the diatomic molecules 0‘2. NO and N, ,
are related to their corresponding "monatomic” conductivities %

Qs/4)r ‘ltJu by the Eucken factor [Bird,Stewart and Lightfoot j
(1960) )
, c) The mixture propertivs u and A are well approximated by "mixing

_ rules” of the Wassiljewa-Wilke form [Bird, Stewart and Lightfoot
( 3 (1960)).

o p———

b)

b e - Bt areat
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Dt. g (for 1 =0, N) 18 computed from

: ~ Dy ny = Uk (Ex,/, 07 (5.2-9
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d) absolute species enthalpies (based on Teoog = 298. 16K} and

diaensionless molar heat capacities (C i/1!) are well~approximated
by the polynomial expressions given by Lt (1973 ). These agree

with the JANAF data up to 6000K, and formally allow thermodynamic
‘ &alculations up to 40,000K"

)
e) frozen (sensible) and chemical contributions to the absolute '
P vpecies enthalpics are defived using ‘r“t = T, Thus, the absolute
‘ molar enthalpy for species i is written:

T

3 ° i . Jd
: l‘(r)- c'." daT + Aﬂ‘.t(‘l") (5.1-0 .
) ‘ |
# y |
¥ Of course, the $ species model'of dissociated air bresks down sbove
i some (pressure-dependent) threshold temperature
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vhers AH: ‘(‘1' ) 1s Lhe enthalpy chanye across the veaction forming
one mole of specics 4 from Cl2 and/or Nz at temperature 'r and C i

. 1s tho molar spocific heat at constant prossure. With thil eommntton I
Mz‘ s h". "t,v - h!.. so that:

[,
g

. 1'. \
1 the = 3oy j °p,197 K PG '
. <3 '
1t *
! ‘ wvhere °p,1= °p.1”’1’ Also: .
\’; i . - [ ] - )
1 ’ “chen,l 2 l"chetn,.i..e hcl.en.i,w - (“1.0'“!..9) Qi G.1-12)

i N : . - 04 . ¢

E I vhere Q --& &My (T )/,

1 I i

'j H £) where mean properties appropriate to the boundary layer are required '

7 - (. : (eg, Pr and Le, in Eq.(5.12 ), the values used herein are the

arithmetic mean between those at station e and station w.
While refinements to these property estimates can be readily incorporated in

future modifications of the present program, these choices proved convenient .
and were deemed sufficient for the illustrative calculations included herein. '

$.1.3 Incomplete 02 and/or Nz Dissociation in tke Low Density Shock Layer

Under glide re-entry conditions it seems likely that .hcck.hyor dissociation
of 0 ad Nz. being finits rate procusu. will noi proceed to their equilibrium
v.lm in the residence times vuthble [Chung (1961), Cheng (1963), Tong (1965)
Inger (1966), Kang (1970), Kang and Dunn (1972)}. For thie reason, our '

formulation incorporates the two functions P am, 1 (1 = O,N) which can vary between

sero (no dissociation) and unity (equuibuwn diuoctauon) depending upon the ‘

+ In this important respect the flight situation is markedly different than most
arc jet-produced environments (where appreciable atom concentrations usually

exist in the “frue stream" as » result of recombinstion "freszing" during the .
noztle expansion)., See, also, Section 5.4, .

' .
i -
S 9 ‘ :
:
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z magnitude of an appropriate DarkBhler number for the dissociation of
molecules M (M = 02, nz) of the t'ornt

C . t (r,)
[ e R 51013 )

tdicooc. -

I'.':lb

) !
_1 C wvhere A is the shock layer thickness, t&,‘(r’) is the dissociation rate )
T ( constant at temperature T, and N 1s Avogadro’s number (6.023 x 1023 P
molecules/mole). ‘

Since the ? am,1 are incorporated via a subroutine, any one of a '
”@ aunber of ptevious estimates and correlations for the ?D am, 1 can be readily ‘ T
8 used in the present program. In this conneciion we have investigated the
?n am, 1 correlations suggested by the results of Park (1964), Tong (1965)
and Inger (1966). These authors treated a pseudo-binary ( atom "A" + "
mols~ule "M") model of partially dissociated air and predicted non~
equilibrivn vaiues of wp established at a noncatalytic wall over a range
of equivalent 70se radii, ambient densities, flight velocities and wall

W
|
temparatures, providing analytical or graphical correlations of their I

@, $

>

Caasat BT

results for particular choices of the dissociation rate constant. In
I exploiting this work we make the useful assumptions:

Al Owing to the disparity in bond energies, 02 dissociation is
. . sufficiently faster than Nz-dissociation so that either one of
two cases prevails:

<1 *

?M,O < 1 when an'u =0 or ?Dm.o = 1 when ?m.n

A2 Values of wy at the effective outer edge of the wall boundary : :
layer (station e) can be identified with predicted values of ¥y :
»
for a noncatalytic (y=0) wall,

&gl

A3 Bimolecular dissociation kinetics dominate the shock layer, hence
. 4t any flight speed “:l. depends on p_ and R only through their
product: p_R ("binacy luung")

4+ While this experssion may ultimately prove useful to correlate available
' 'Dn. Udatas" (multicomponent shock layer computer runs) it 1is not explicitly
invoked in the present computational scheme. However, it should be
zemarked that the ?D ol correlation cited below exhibits the o.nﬁ
. depandenca twnldcit in Ra, $.1=11 at conetent Flieht apoad Y.

X | " ,

-
l .
Py
*
A




The first of these essentially states that 02 and Nz disgociation are
“sequential”, the second is expected to be reasonable under conditions

such that Fpo 18 not very different from unity (i.e. (p./p.) * Re,
sufficiently large so that departures from high Reynolds number boundary
layer theory are not very great). The third assumption- is defensible

for Space Shuttle Orbiter re-entry conditions, except when an’ " approaches

unity,(since the equilibria 2A T M are established via 3-body homogeneous
recombination),

Since the simplest of the Buggested ?Dan. 1 corralations is that due
to Tong (1965) we will illustrate the nature of an rbm’i subroutine for
this case. However, in view of the fact that agreement on the magnitude
of the ?Dm. N implied by different workers is not good ( see below ), we
suggest that improved an’ " subroutines be developed for future use.
Our program is organized to facilitate the incorporation of such future
developments as well as the calculation of interesting limiting cases
(’nm,x =0 or ?Dan.i =1).

For the parameter range 278 < ‘t' £ 1665k, 13 £ U < 26 kfps, Tong's
. numarical integrations acrass the shock layer could be represented by

) Log, oo /o, .0 + 0.045 | 2 '
logg £ T0s - [ IO (5.1-14 )
A, max ¢

where p./p.‘m < 0.989% and
31.65

v 2 .10 . (5.1-15 )
“A, g {0.608 ('-1-0—‘;) -~ 1.,03) (T—; )
b ey = 4 (1.22 1073 4 3.76 x 1073 (9-)7 ’ ] fs.x-u )
p..m( o fe”) = ll 22 x 76 x % ‘

10

and l‘. U are expressed in feet and feet/sec, respectively. In using

these results ( in accord with Al,2) we conclude that {if (uA ') £ 0,222
L)
0

0y

MASCEL M 20 a sl TraiToroyryy

4+ For p./p.’m > 0.989 ve take (;"A,w)y-O,"’A.m = 1.0 (see below)
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then ?Dm.N = 0 and .
"Den,0 * (“A.w)’_o / “0,e5eq ' G.1-17 )
However, if (“A""y-o 2> 0.232 then l'm.o = 1 and
l’nu.u - “N,e’ UN,eseq (5.1-18 )
wvhere . :
e[ (v, ) - 0.232]--‘!—0- + (0, .) - Q --Q—o- (5.1- 19 ) | -
e A v=0,Tong W Aw v=0,Tong % !
Te indicate the variations in F, =, expected based on "atom + molecule"
» K i
computations available in the literature, we compared values of P ’

Dam,i
found from Teng's correlation, with those impliad by Fig. 6 of Inge;

{1966) for the specific conditions Ry = 1 ft, T, - 1500K, U = 26 kfps.

This comparison is shown in Fig. 5.1-2, where it is noted that Inger's

sethod predicts complete 02 dissociation to higher altitudes than Tong's and a
more gradual transition from equilibrium to frozen behavior for nitrogen at lower

altitudes. For R.B = 1 ft, near conditions of peak heating, both methods
pradict nonequilibrium Nz dissociation and essentially complete 02
digsociation.

v

Wo also found that the empirical correlations suggested by Park (1964) to

deacribe his numerical results for (mA ") " led to physically unreasonable
*
results for the ?D am. 4 under Re. condtt:lora'orelevmt to the Space Shuttle
»
Orbiter.

0f courss, numerical predictions of ("’1 ") are now available for
*
specific conditions (u.z,na, 'rv) based on lcnﬁgy multicomponent, viscous
shock layer integrations, and presumably more accurate rea:tion rate

constants  [Kang (1970), Kang and Dunan (1972), Li (1973), Blottner (1969)].

.

4+ Had ;l'ong'o correlation for p_/p x> 0.989 been used, the corresponding
’

values of F_ . would turn down at sufficiently low altitudes. This non-
’

physical behavior was therefore precluded by setting (mA w)y-ol 9y max ® 1.0
above p.lp.’ nax © 0,989, ’ ’
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In the future these "data points" should be used to obtain improved

correlations for the Fp o functions introduced here - or to “calibrate”
*

the ’nan,:l. routine illustrated above.

]

It remains to consider how the v, o and I, are calculated in terms
9
of the ?D am.1' The composition Y e follows immediately from the definition
’ 1

of rDm,i (1=0,N), the known values of ) eseq’ and the facts that a)
zﬂt,e =1 b) ®x) ,e""(O) o (1-0,232)/(0.232) (vhere wy, and w.gy are, .
respectively, the glement mass fractions of mitrogen and oxygen]. When . '
“%0.e: e 18 not completely negligible we add the tentative approximation

R Ank 4
) "No,e = !’D am,0 . “NO, ejeq ° These statements then yield two equations
in the two unknowus “g and wy which completes the determinatiof of

2,8 2

[ 3 |

the Wy o° The corresponding temperature 1 e then follows from the constancy . |
]

of the total enthalpy, 1e. 'r. satisfies the nonlinear equations

;5‘*.‘ . h,.(r‘) —;‘:b}i’.;‘q . hi(re,eq) a0 ) (s.l_zo )

This is solved via a rapidly convergent Newton-Raphson iteration procedure,
o’;uting with the rough estimate:

Q) - , .
AR 2 a Tom,2) * 91,0500%/ 0500 (5.1- 21 )
10,N
Having thus determined Wy o and Te compatible with the flight condition
’
(U,2) and the corresponding F, ap,1° all gas properties at station e can be
computed as outlined in Section 5.1.2 (with the additional spproximation
p": p".q ). Thus, p o'Ve ? M\f etc appearing in the expression for
(—q;")n are evaluated.

.

$.1.4 Numerical Methods and Computational Efficiency

It 48 clear from the above subsections that the desired radiation
equilibrium temperature ‘l'v sppears in many explicit and jmplicit ways in
Bq. (5.1-1), However, this causes no difficulty if sn iterative, aunerical

101 ‘ '




H
}
»

———— A, B -, 4G

P

Lyl

v ot s e pe A e s

.

v

B g L b AER I A

¥
55

Salan
s

solution is used, in which all functions of 1.' are evaluated using the
"currant” estimate 1' (n) and a systematic convcrgent procedure for
calculating ‘l‘ (n+1) is provided. The scheme adopted here is a finite~
difference nodtucntton of the Newton-Raphson methcd, which circumvents
the need to calculate an analytic derivative of the function whose"root" is
being sought. Thus if Eq. (5.1-1) is represented by

f‘r') «0 - (501" ZZ)
and 4f 'r (@) is the current estimate of the root, an improved estimate is:
(n) (n)
1, (n+1) .1, () _ (f(‘r +h) + £, -8) ]

(f(r'(ﬂ) + h) - (T'(n) -h ) 1 (501‘23)
2h

where the temperature 1ncrmnt h s (arbiturny) taken to be 10 K,
The first approximation in this scheme, ie. T (0 is taken to be the

radiation equilibrium temperature obtained fron the preceding point (U,2)
along the re-entry trajectory. In practice this scheme has proven to be
quite effective, usually requiring no more than 4 iterations to
obtain rv(“"” - 'r'(“’l £ 1K . Thus, the value of T_

at each (U,2) puint along a re-entry trajectory can be obtained with about
2 sec of computer time on an IBM 360/67. This computational efficiancy

will make it possible to exploit ‘the program for parametric and design
studies at minicmal cost.
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' $.2 JIoplications of y-zesults

.

3 . . To illustrate the use of the computstional procedures outlined in

’ 3 Section 5.1 in predicting important trends and parametric dependencies

‘ we have computed radiation equilibrium tewmperatures for the RPP (leading
edge, nose cap) materisl under a number of aerodynamic conditions. In
addition to calculations based on our experimentally obtained yi-valuu

we have also included calculations based on the extreme (limiting) cases

vy - 0, vy » 1. All calculations below are based on & total hemispheric
emittance function ¢(T ), ranging between 0.94 and 0.85, in accord with

the normal hemispheric enitcancc data reported in Fig. 5-26 of LIV

(1972). In addition to calculations in which shock layer dissociation

' nonequilibrium effects are incorporated via the FD i-subroutine 11lustrated
! in Section 5.1.3, comparisons are included for the lim:lting cases I»‘D am,1 -]
e (1 = 0,N) [equilibrium dissociation in the shock layer) and F. =0

(no dissociation (or ionization) in the. shock layer]. pamed

3 Figure 5.2-1 illustrates the role y can play in determining the

- wall tempe.atures expected under peak heating (U= 24 kfps, 2 = 240kft)

} (‘ } conditions for a “age radius of 1 ft. Here y is considered to be a para-

meter (10- Y, 10°) and no distinction is made between y, and yy.

i Note that :lt equilibrium dissociation were achieved in the shock layer then

T (y = 10" ) would be about 380K less than T (y = 10° ), with maximum sensitivity
f ‘t to y in the range 10 £y s 10 Not surprisingly ,when allowance - .
is made for incomplete Nz dissociation in the shock lsyar, this semsitivity "'

of '1’ to Y decreases ,amouncing to about 62K 1f only 02 dissociated. The
extcnt of dissociation depends on the nose radius, and 1f the nose radius

were only 1 £t. then using the Tong (1965) correlation to estimate Fn an,i
yields a sensitivity of T w Y of only about 4OK.

It 4s nov interesting to consider the predicted 'rv vs. time history

during a typical Orbiter re-entry trajectory using experimental y-data
and considering sevoral body radii in the range of interest. The cases

.

-l-’ incauattngly enough, these predictions suggrest that perfect catalyst
(y=1) with equilibrium shock layer dissociation would run soze 130K cooler
than a surface of the same emittance and nose radius in a non-dissociating
(and/or ionizing) 0 + 8, atmosphere. This is attributed to the effect of

very different gas ptcpettiu at the values of ‘l' predicted without

‘ dissociation.
; 103
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described below are only illustrutive of what can now be economically
accanplished using the computational methods of Sectien S.1. In Figs,
§.2-2 to 5.2-4, s YEXP refers to calculations in which the 7Y values were
based on our duct reactor measurerents in O + N mixtures, Predictxms
using the data shown in Fig. 2.3-3 (and their extrapolation to higher

Ts: stbject to the bound vy < 1) yield radiation equilitrium temperatures
even closer to the corresponding y= 1 case. All T,(t) plots are based

on the velocity-altitude trajectory given in Table 5.2-1, and pertain to
forward stagnation points (3 dim) or lines (2 dim) on the Orbiter vehicle.

Pigure 5.2-2 reveals that for Tg = 2 ft (3-dim) both vy 1(T,) and
shock layer dissociation effects are quite inportant in detemmining
the expected T, t histoty While the potential gains from low y
are sizeable (up to 218K temperature reduction near 800 Sec.) our 7t data
(cf. curve marked ym) for the present RPP material suggests only modest
(ca. 15X) departures from the corresponding T, (t) expected for a "perfect"
(v = 1) atom recombination catalyst. These y# 1 temperature reductions
become even smaller for smaller nose radii, and don't show up in the scale of

" Fig. 5.2-4. VWhen finite-rate shock layer dissociation is included for Ry =

1 ft., Figure 5.2-3 illustrates that if equilibrium shock layer disseciaticn
were achieved under otherwise identical conditions then v¥ 1 temperature
~eductions would be quite appreciable (cf. Fig. 5.2-1). More detailed
carputations, including their implications with respect to anticipated

RPP mass loss and re-use capbility are obviously now possible, end are
suggested as valuable extensicns of this work. Similarlv, the implications
of our Y; “measurements on RSI-coating can now be included in similar

formalism, making appropriate allowances (via Sth) for the downstream location
of RSI panels on the Orbiter vehicle.

LA B

+ The rapid surface temperature rise ptedicted for vy = 0 beyond an

elapsed re-entry time of 800sec is primarily caused by the failure to
dissociate N, in the shock layer as the flight speed: decreases. This
increase also shows up (in less drametic fashion) for: catalytic surfaces
(see curves marked Yep @d v ® 1). One concludes that nonequilibrium
phonomena strongly influence the shape of the_surface temperature vs. time
locus during re-entry.

105




; L]
. .
# {'
1 ) *
: Table 5.2-1
‘\ Wominal Trajectories for a 175,000 Lb. Space Shuttle orbiter®
& Time Altitude Veloeity bz
. (sec) (£e) (fe/sec) (btu/It -sec)
. > .
U .
3 L 0 400,000 235,532 2,05
;»j t3 80 361,189 25,580 4.70
s r 150 T 325,387 25,623 11,50
; ] i i 23 280,937 25,652 40.57
i’i; ' N 285 237.51§ 25,590 76.32
E‘f h | 340 243,208 25,347 102.97 .
:q ! i - 373.75 . 243,255 25,145 100.3
4 i K 426.23 239,959 24,822 103.5
A B 516,25 236,854 24,214 102.3
: 616,235 2323113 23,454 102.23
: 718.75 226,047 2,547 192.18
’}s 818.75 ' : 218,292 21,478 102.16
: 908.75 208,646 20,272 102.13
988.75 . 196,326 18,8358 102,13
'1033.75 192,475 ° 17,868 $2.59
1101,28 188,225 16,433 76.98
1198.78 - 180,937 14,347 $7.36
1 1376.25 . 164,392 10,567 29.59
‘ 1496.25 . 150,310 8,029 16.47
1396.23 136,186 $,940 8.61
1675 122,026 4,330 4.37
1767.5 105,271 2,679 1.4
1808 94,487 2,124 .89
1851.5 90,000 1,495 W61
s. 04OA MK II polar entry trajectories of 11/19/71; high cross range,
" o w 30° supplied by C.D. Scott, 31 August 1972,
_ k. -Q;" 1s the fully catalytic heating rate to a 1-foot radius “reference” . - are.
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5.3 Previcusly Unc.asidered Chemical Events Which Could Modify
ghe Rate of Enerpy Transfer to the Vehicle Surface

1a kesping with our goal of developing reliable and convenient
nethods for predicting vschicle surface tezperatures in terms of
70(1.)-and y“(Tv)-data ve have initiated quantitative studics of two
{~teresting and potentially important processes. Both classes of pro-
cerses discussed in this subseczion in effect zequire the relaxation of

ossumptions underlying the aerodynamic heating method outlined in Section
5.1, The assuaptions in question are:

8) the energy reloased par gram of recombining atoms i (1=0,X)
13 Q, r &8B! (T.)/M where 8HI(T ) 1s the equilibrium heat
) ALY =12 Hetle Squ2lidrium heat

. of the atom formation resction at tﬁe prevailing surface
texperature Tw

b) under glide ve-entry conditions the viscous boundary layer may ba
considered "chemically frozen" with respect to ges phase aton
recozbinstion reactions

We are motivated tn examine the first of these sssumptions since recent
low pressure {p <1 torr) surface tecombination experisments (Harteck et al.
(1960,1964), Wood et al, (1963, 1967), Melin and Madix (1971) ] indicate
that in some cases only & small fraction of the equilibrium heat of re-~
<osbination is released at the catalyst surface. Thus, in Section 5.3.1 we
};1e£1y+ address the question: what do these low-pressure laboratory
studies imply with respect to the expected level of ssrodynanic heating

of hypersonic glide re-entry vehicles ?

The second of these sssumptions has traditionally been based on order~
of-magnitude recombination-time estimates carricd out for a psaudo-binary
(atom "A" + molecule "M") partially dissociated tés, racombining by a

-

For o more detasled treatment, see Rosner and Feng (1973)
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3-body process, eg.

A+Aa+M o+ K+ M) (5.3-1)

However, in considering the interpretastion of ovr recrmbination crefficient
®easurements carried out in 0 + N mixtures ( see Section.’z.S) it oécurred

to us that the following sequericé of 2-body processes in.the boundary
layer could influence the wall energy transfer:

R+ °z + NO+0 (5.3-2)

N4H0 + X, 40 (5.3-3)

since, in effect, they can “undo" surface-catalyzed O-atom recombination

and replace it by the more exotherpnic fortiation of N,. Our assessment of

the posaibility and influence of these homogeneous reactions in partially .
dissociated air 1s given in Section 5.3.2 below.

5.3.1 Role of Surface-Catalyzed Production of Excited Molecules

Implicit in the analysis of Section 5.1 1s the assumption that the
. atom recombination event statistically leads to diatomic molecules in
thermochemicel equilibrium with the surface. However, atom recombination

on some surfaces evidently leads to the production of excited molecules

( see the abovementioned references). Clearly, 1f these excited molecules

could escape the boundary layer without being ‘‘quenched" the enexgy

transferred to the catalytic surface would be less than if the catalyst

had produced molecules with the local thermodynamic equilibrium (LTRE)

distribution of internal energy states [Rosner (1962b)]. Indeed, at least

partial escape must have occurred in the low pressure experiments cited !
sbove, since the observable was the energy transfer to calorimeter surfaces

exposed to a known atom concentration. To determine whether this can occur
in the orbiter re-entry environment it is necessary to better understand the

-
.
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details of the quenching process. For this purpose we have carried out a
“eonductivity-cell” analysis in the spirit of [Rosner (1963) ] in which
8) a well-defined electronically excited state (designed by M*®) is
produced with probability s* per recombination event (s* < 1), b) this
state, with energy level Qu* (pet gram) above the ground state molecule,
is quenched either by gas phase collision (with 2-body rate constant k )
within the “cell" of thickness § or by éncounter with the wall (wall
quenching probability y ), ¢c) atom recombination occurs only at the wall,
with probabilicy Since the details of this analysis are $ :luded in a

recent paper [Rosner and Feng (1973) ]} only the principal results and
conclusions ate presented here.

The role of the parameters W (see Section 5.1) &* and QM*/QA (where
QA is the LTE heat of ground state atom recombination) is readily appreciated
by first considering the limiting case of neither gas phase nor wall
quenching, Then,for a single recombining species:

< Oye .
- 14 (1-s* - ) - ¢ (5.3-4)
"%y, min Y ‘

vhere -qv ain is the corresponding aerodynamic heat flux to a non-catalytic
uterial. Since 82 dissociatiofi in the shock layer of the orbiter vehicle
my be sluggish (see sgction 5.1) it is of interest to apply Eq.(5.3-4)

to the production of 0 ( t ) via surface-catalyzed O-atom r.conbiuuon .
In this case Qu*/QA " 0 875 and, for conditions near orbiter peak heating
(2 = 240KRft, U = 24 Kfps) we euimte‘lio « 0.73). 1f we now compare

two : tive recombination catalysts ( ¢ « 1), only btne of which produces

02("2':) upon every recombination event, then, in the absence of localized
quenching, we find

(4 )
‘?v)a* -1 14%6%%;_'&27_” - 0.63 (5.3-5)

- gs = 0

Val.nu of Qo u’QO reported by Melin and Madix (1971) for Au,Fe,Ni,Pt
and W are low enough to cor:esvond to s* « 1 (to within experimental error)
for the production of 02( t“ )
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Since the radiation equilibrium temperature s apptoxm:cly+ proportional

to (-i;")l/ 4 (cf. Section S.1) under conditions for which ('rw) ghaq 18 about

1900K the value of (rv) gtey Would therefore be about 1700K, yielding

about 200K local "saving" for a "perfect" catalyst ( say Yo 2 10-1)
producing 02 (32u+) on every recombination event.

This situation can be altered considerably in the presence of

appreciable wall quenching or gas phase queuching‘ {Rosner and Feng (1973)]
Even 1f the overall homogeneous quenching rate constant k 48 as large as

that for Oz(lt) + N (g) we find that the paramterae Rf £ defifted by

1+ 2] -1 1. \|-3/2
of —2-A |3 X .
Kose = 1+ 0y (1+cw ) 2 é*r ) A 6o

A e
vhere
-~

P -:%;—" % @x"—) (T..)',z (5.3-7)

4s only of the order of 10'1. so that wall quenching would appear to be the
more likely quenching mechanism under these conditions ;. Availsble

experimental data on the exctted molecule wall quenching probability y

.are sparse, even for 0 (1 ). Since the ratio of yq to the atom recom-

bination probability y for 02(’! ) quenching on room temparature pyrex
is evident slightly larger than 10 we examined the effect of setting 1 Iy = 15

in the following equation, applicable in the limit of negligible gas yhaso
quenching:

* More exactly, T, (-i";)l’ ® where n is the local value of d(in c'c'!:)/d | '

{see, eg. Rosner (1964a) ]. Thus, neé4 only for the ~ase of constant
exittance.

Our procedures for estimating the effective values of gas film thickness,
8, and the chemical enthalpy parameter ‘H

are identical to those given
by Rosner (1963)
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Combining these estimates,we find that if s* = 1 a minimum value of

—q'/ (-q" ) of (only) about 0.97 is attained at ¢ = 0.11. Cowparing
two catalysts with ¢ = 0,11 under these conditions we find that,if s* = 1,
‘1‘ = 1670K whereas if s* = 0 T = 1690K. Since 0 < s* < 1, we see thit
unless much smaller values of y /vy are relevant, the maximum surface
temperature reduction to be expected f:om oxygen atom recombination to
energetic excited molesules (eg. 2( T ) rather than ground state molecules)
is only about 201(. Interestingly euougb while y /y appears to be much
smaller for O ( AS) quenching ox pyrex, the cnergy transfer effects of
recoﬁbination to 0 ( A ) are alsc smaller since le*IQA is only 0.192, again )
leading to temperature reductions of some 20K. We tentatively conclude :

. that vall temperature predictions neglecting the phenomenon of oxygen atom
recombination to metastable electronically excited molecules will only

{ . . blightly overestimate ‘t".. Hence the use of available y-data and the

A (previocusly implicit) assumption s* = 0 is not likely to be overly conservativé
unless surfaces with s* = 1 and small Yq /y for very energetic metastable
molecules are encountered. Only if raasonab ly low 2 surfaces could be
found which, say, produce 0 ( z ) moleculis  with s = 1 and with much

lower wall quenching probabil:ltiee than Fyrex would this conclusion be |
altered.

{
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. Corollaries of our theoretical model relevant to the inference of 4 ';
% baied on differential energy flux measurements in the laboratory are
¥ | included in the full-length paper of Rosner and Feng (1973). Thus, in

the presence of recombination to excited molecules,values of vy previously )
i determined from differential emergy flux measurements under continuum !
: conditions would be low by a calculable ‘amount dependent upon s*

énd the kinetics of excited molecule quenching; see, eg. Section 5.4.

t

If vibrationally excited molecules were produced at surfaces during aton
recombination the present formulation would retain many of its present
features, howaver a more detailed homogeneous quenching model (accounting ‘
for the large number of "species" of various energy levels) would be required.
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3.3.2 Influence of Bimolecular Exchange Reactions on Energy Transfer
to 8olids in Dissociated Air

In addition to the obvious possibility of direct recombination to
82. the presence o.f atomic nitrogen formed in the shock layer can cause
a) the surface-catalyzed formation of NO(g), and b) the gas phase
conversion of NO(g) and Oz(g) to Nz via Reactions (5.3-2,3) (See Fig.
$5.3-1), Since these processes can be important even when the three-body
homogeneous recombinatfion (N + N + M » Biz + M) proceeds at a negligible
rate, it is prudent to consider their energy transfer consequences under
glide re-entry vehicle conditions. To our knowledge no assessments
of this type have previously been reported in the aerospace literature.

Rather than divexrt too much attention from our principal godl of
Yor Yy determinations and their aerodynamic heating implications, we
decided to estimate as simply as possible the heat transfer effects of
Reactions (5.3~2,3) under conditions of nominally peak heating. The
“worst case" was treated - ie. “ye uN’ eseq to maximize the N-atom
concentrations “available" for the abovementioned gas reactions. Since
1ittle is currently known about the kinetics of surface-catalyzed NO(g)
production in dissociated air, our preliminary analysis is confined to
the limiting case in which the only source of NRO(g) 1is that due .o

{3

~ryT—

g Ao meel

Resction (5.3-3) occurring near the O-atom recombination catalyst., Indeed,
we concluded that a simple but useful quantitative analysis of the effects
of these reactions could be carried out under the simplifying assumption
that these reactions are rapid enough to be considered “pseudo-heterogeneous".
= This implies that they take place in a chemical "sublayer" of thickness
8 chen small compared to the total diffusion boundary layer thickness, &. ‘
As indicated below,the “pseudo-heterogeneous" hypothesis leads to a very
simple algebraic model of species transport across the predominantly
\ “frozen" boundary lsyer. In addition to yielding the expected trends,
" ‘the results of this model will be shown to amply justify more detailed
studies of these kinetic phenomens in ths future. Ultimately, it is
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possible that these effects could be routinely included in serodynamic
heating calculations by treating them as pseudo-heterogeneous. Once
rigorous nonequilibrium boundary layer solutions are available and
correlated in this way, this approach would be closely akin to that of
Chung and Liu (293 ), wvho represented the effects of gas phase atom
recombination by an expression in terms of an effective(fictitious)
heterogeneous rate process. In the present section our approach is
intrinsically different, since we seek to make ab initio estimates

of an effect of gas phase reactions, in the absence of more rigorous
calculations including these eifects,

By assuming the NO diffusion term and homogeneous chemical sink
term (due to Reaction (5.3-3) ) are in approximate balance within the
“chemical sublayer" we/obuin the following estimate for § ., .

. . 1/2

04/M) © Dy © layg = Uyg o) .
1

Pka(Ty) * 3 ("‘Bo,w + "NO.Q) e K"}

Schen * (5.3-9)

vhore § hem <€ &, Then, by equating the actual reaction rates within

'GM to their pseudo-heterogeneous counterparts, when wm. e” 0 we estimate

p
kz.vgcff *7° l‘.‘Scc.zlmn ) (3.3-10)
kz.v;eff - kzachom (3.3-11)

Then we write 4 simultaneous algebraic equations in the 4 unknowns 9y
’
U= O.OZ.NO.N) by re-expressing the species balance oqua:tons:’

(resl + pseudo)-heterogeneous : 'IS;B'
Ysource"strength o | -

= e )| G

.

per unit surface area

117




4
|
|

i
|

i

i
H

!

'
4
o
¥
|

1
SRS TR SR

. 3
- :
. :
. ;
. '
. - - I3
. L 'o’.&‘”ﬂ".. . . . L I e L L vy -
[ 3
! x4 4

*Supisey JTERULPOII® A¥Id JO SUOTFITPUOD ISPUR SUOTIDNEA WOV
-8 aseyd sud awrndaToNwEq O 8359339 uou!luw.‘.ua L -€°S

O 01 £ o .0l Ol | T

AL

. NOogI == ML,
L (=" oy iyan yvad

O + N — ON+N :
N O+ ON «—TO+N) 2-0/x5 ﬂbm

. o SMULIYIY WOLY-N FSYH 192 #%
L SYD A0 5103453 |
ATISNVAL AD¥INT - )-0=

3 . 1 *N

Tl
13

* 4 s 0 e N . . roe. o . we ..o B R R LN

0 ... - . - -
. L e - ° ]

,)‘. “ ,. . . .

. ‘ (

. o . .

.
o o e e i T et S o e T D AR E SR e

L9 P bttt
- E Fs
SRR

-

LI R AR TN T




TR

° . ’
*
LT
¢
i
ﬂ
!
¥ These arc solved iteratively for the T Jfrom which the energy flux
'Y ]
v is estimated using:
’; Te-‘!w Dip
& .q' - A . + T hd (Oi.e - “i.w) Q‘ (503"13)
y 4=0,N,NO
2
: . Illustrative calculations of -q" using this approach were carried out
| N
4 for the case: Z = 240 kft, U = 24 kfps, RB = ] ft, Fb R =1,
g' t" ® ]1900K with the results shown in Fig. 5.3-2. To ninimize the effects

of uncertainties in mean gas properties (i,ﬁ;;) and total boundary layer
thickness, 8§, we have displayed the ratio of (—&:

| R

- Yactual” (including
the pseudo-heterogeneous N-atom reactions) to (-q") ~ "frozean" (the
4y

L4

énergy flux computed neglecting gas phase reactions but under otherwise
identical conditions). Only results for which § chem is less than 0.24
. . are included and the values of kz. k (expressed in cmsmolec 1sec )
( ; - wexre taken to be [Prud‘'homme and Lequoy (1969) J:

o1
p

r
e

i
—
=3
-

| PP NN T Ay T YW T TR

5, = 2.26 x 1074 1« exp ( - 229 (5.3-14)
ot -

k(D) = 2.22 x 10713 7 1/2 (5.3-15)
respectively (where T is in degrees Kelvin). The values of Yor Yy Were
taken to be parameters, as it was expected that the effects of these
bimolecular exchange reactions would be greatest when Yo is large (to
produce considerable 02) and Yy 18 small { to consume the least possible
amount of N via the true heterogeneous recombination reaction),

7he results shown in Fig. 5.3-2 bLear out these expectations and reveal
surprisingly large energy transfer effects - up to a factor of = 2.3 for
the worst case shounf(y9

- 10'1. we 10‘4). Evidently only 1f v, < 103
or v, exceeds about 10
\

would a simple “frozen" estimate of the energy

+ This would correspond :o about a 650k 1nctonse in radiation equiiibrium

temperature compared with the corresponding “frozen" boundary layer
prediction,
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transfer rate prove reasonable. Thus, based on this admittedly sicple
computational model, we conclude that under glide re-entry conditions
for which N-atoms are formed in the shock laver the influance of

bimolecular N-atom exchange reactions within the boundarv- laver should

be included in future predictions to avoid possible serious under-
estimates of the aerodynamic heating rate to radiation~-cooled solids

which catalytically recombine O-atoms. However, our high temperature

Y experiments on siliconized RPP (cf. Fig. 2.3-3) and Fb.m'i-predictions
for nose radii of the order of 1 ft. suggest that ilils effect will not

be important for the present leading edge materisles

4/”’
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$.4 The Disparity Between y Inferred from Duct Reactor Tests and i
Y Ynferred from Arc Jet Tests %

Based on a series of air arc jet tests in which the brightness !
temperatures of coated and uncoated radiation cooled RPP specimens
ware compared under identical flow conditions it was conéiuded frIv

) (1971, 1972)]) that the inhibited RPP surface ran cooler because Yy :
was of the order of only 10™2 at T = 1900-2100K. Inspection of , :
Fig. 2.3-3 reveals that this inference conflicts sharply with our
conelusion that the coated RPP surface is quite catalytic to 0- and, )
especially, N-atom recombination at these temperatures. While the :
absolute accuracy of our y determinations above :I.()"1 is compromise&'
by the need to make appreciable diffusion corrections (seé Section 2.2)
: . the resulting uncertainty does not affect our basic conclusion that
' the RPP coating is an active recombination catalyst above about 1500K.
Since arc jet testing plays such an important role in the aerospace
(‘4§ materisls screening/selection process, it is important that the causer
of this disparity be investigated further. Of particular concern is
the question of whethir current arc jet test procedures miéht lead to
; . overly optimistic conclusions regarding the behavior of such materials
3 in nonequilibrium air environments. A detailed investigation of
5 possible systematic errors and unaccounted for effects in available
laboratory techniques is obviously necessary (cf. Section 6.2), and
# could lead to test methods and flight predictions of greatly increased
’ reliability. For the present, we briefly considered the following
assumptions implicit in the arc-jet inference of y

oy o - BT RO e AR L

-, S

1. The total and spectral emittance of bare and coated RPP are
comparable (ca. 0.85)

2. Bare RPP in dissociated air achieves essentially the same
surface temperature as a hypothetical perfect catalyst of
the sume total emittance.

3. The heat released per recombination event is the equilibrium

heat of atom recombination at the prevailing surface temperaturé
(sce Section 5,3.1)
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Assumption 1 is important since coated RPP could appear to run
cooler (via optical pyrometry) merely becausc its spectral emittance

is lower than assumed. Assumption 2 bears examination since coated

RPP could appear to run cooler than bare RPP because of the highly
exothermic surface combustion of bare RPP in dissociated oxyaenf
Assumption 3 focuses attention on the fact that the arc.jet inference of
Y 18 based on an energy traansfer estimate rather than an atom balance.
Since energy transfer i{s of ultimate interest this would apprear to be

an advantage, were it not for the fact that the energy transfer
inference of vy 1s scale (size) dependent and apt to be non-conservative
when applied to flight~scale hardware [Rosner and Feng (1973)].

Even introsucing a spectral emittance 0.25 (for 2100K coated

RPP at A = 6650A ) ana a total emittance 0.6 (for 2100K coated RPP)
{preliminary data of R. Wakefield (1973)] we calculated that the

combined effects of assumptions 1 and 2 would raise the arc~jet

inferred vy by no more than a factor of abous 3 to 4-fold, leaving a
considerable disparity between the arc jet and duct reactor y-values,
Moreover, our XPS data on arc jet and duct reactor exposed specimens
sugpest that thie disparity cannot be attributed to significant differences

in the in situ surface chemistry under the temperature conditions of
our y-peasurcments.

fsigning the cause of the disparity to assumption 3 is Antyiguing
but would be premature in view of the lack of experimental data on
“i{ncomplete energy accomodation" on catalytic solids in N-atom atmospheres.
¥at this phenomenon should be pursued further since minor changes in the
present R PP coating (eg. elimination of,or substitution for, )1203) night
lead to significant in-flight temperature reductions when materials of
this type are applied in regions of large effectivé nose radius (eg. the
fuselage nose-cap, or belly panels),
+ This possibility has evidently been considered and rejected by

J. Medford {LTV (1971)],whose unpublished calculaticns suggested that
the hezt of combustion is offset by the blowing effect on the transfer
coefficient asscciated with the mass loss process,
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6., CONCLUSIONS AND RECOMMENDATIONS

. In the light of the contents of Sections 2-5, it may be said
: that our principal objectives have been achicved as a result of
this one-year technical effort. These include:
a. development of s duct flow reactor technique to determine
the atom recombination coefficiénts y, and v, above 1000K for
flat, nonconducting thermal protection system materials with y-

values in the range of aerodynamic heating interest (Section 2.1,2.2)
b. demonstration of the applicability and utility of X~-ray

photoelectron spectroscopy (XPS) to chemicsally characterize
the surface of candidate thermal protection system materials
before and after exposure to dissociated oxygen and/or nitrogen
i (Section 4.1)

¢. development of a rational, yet practical method to predict the
; serodynamic heating consz3quences of laboratory measurements of
: atom recombination coefficients and the accompanying energy

A transfer (Section S).

6.1 Conclusions

Spe¢ific important conclusions that have emerged from these laboratory
and theoretical invesrigations are best itemized as folluws:

A. _Duct Flow Reactor y-Measurements

*The surfaé@ of siliconized carbon carbon ~ reinforced pyrolyzed
plastic(hereafter designated RPP) constitutes a surprisingly active
catalyst for the recombination of O atoms and N atoms at surface
temperatures abovc 1000K, vy-values computed from our experiments all

exceed 2 x 10'2,and at temperatures above 1370K, the atom recombination

coefficient for 0 or N atoms on the surface exceeds 10-1. As a corollary
to this, {n flight as in our duct,and especially for RPP, non-negligible
aton concentration gradients (normal to the catulyst surface) will always

exist at these temperatures. Thus, sny high atom pressure (continuum)
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APP y-moasurements will require s "diffusion correction" limiting
its sbsolute accuracy.

*In the 1030-1710K temperature range investigated, N and 0 atém
loss by :eccmb;natton on RPP coating exceeds the corresponding loss
by chemical combination with the surface by more than‘53fold.

\

tlnferred N-aton recombination coefficients on RPP coating are larger
than corresponding O-atom recombination coefficients by about 2-3
fold over most of this temperature range (1030-1710K)

aWhile Yo and yu-values on the coating of the re-usable surface
insolation material (RSI) below about 1000K are not very different
from the corresponding values for RPP,in contrast to the latter, Yo

and Yy sppear to level off and pass through a shallow maximum (< 10’1)
near 1300K,

-’

#In contrast ‘to RPP, Yo exceeds Yy on RSI (By a factor of the order
of two) in the temperature range 985 -~ 1460K. Thus, the fact that
v-values on RPP exceed those on RSI above about 1300K camot be

attributed to differences in roughness alone, and may be due to the
A1203 content of the PPP coating.

B. RPP Mass Loss Experiments

*The mass loss behavio? of RPP in oxygen (ca. 1072 0 5 x 10”2 torr)
48 very different from that of pure, dense 8~SiC. This is especially
marked at temperatures below about 1900K, where the oxide formed on
RPP is relatively nonprotective and easily removed by physical means.
This difference is not 2xclusively due to the presence of A1203 in
the RPP coating, since it persists after the surface layer containing
51203 18 removed by the ablation process (cf. XPS evidence below)

#In contrast to pure,dense g-SiC the¢ RPP ablation process helow

2000K 1s not fmpeded in O + N mixtures (relative to the corresponding
rates in O alones)
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C. Chemical/Physical Characterization of Surface

#XPS investigation of RPP surfaces exposed to 0 or 02 at
moderate temperatures (in the range 1410 - 1620K) reveal that all
of the surface silicon is present in the form of stoé(c). In
addition, aluminum is present (as an oxide). This aluminum is
lost during the initial states of reaction above 1700K by physical
removal of the aluminum oxide phase. N-atoms are also effective in
removing this finely divided carbon.

#Finely divided carbon (formed by the decomposition of $1C) exists
‘on the surface of RPP during 10"2 torr 02 exposure at T > 1800K. Under
these conditions the ablation behavior of siliconized RPP is probably
poorer than that of pure graphite.

-
-

. At temperatures below the 313% or Sizouz-loss threshold (1820 < T
< 2030K) nitrogen is incorporated into the RPP surface upon expesure

to gas containing ca. 10"2 torr of atomic mitrogen.

#Below 1500K all observable silicon on the RSI surface 45 “n the
form of 8102, indicating that the SiC content of the coating is
“buried" or that S1C constitutes < 10 atom pct. of the surface layer.

* #Are jet exposed RSi surfaces frequently exhibit the contaminant

element aluminum that very likely influence the catalytic nature of
the surface.

#SEM gtudies of the RSI.coating reveal that while the virgin surface
4s smooth and featureless, temperature cycling at 1100K gives rise to
blistered surfaces, revealing high temperature gas evolution.
eycling at 1600K leads to a very rough surface.

#SEM studies of RPP exposed to oxygen at high temperature reveal

125
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very rough surfaces from which the Sioz(c) is easily removed mechanically.
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CONCLUSIONS

D. Aerodynami¢ Heating of Hypersonic Glide Re-entry Vehicles

41f dissociation-equilibrium were achieved in the shock layer of
hypersonic glide vehicles with a trajectory similar to that of the
Space Shuttle Orbiter then the temperature teduction realized by
the use of a noncatalytic (‘0 < 10 3, W < 107 ) tather than 3
catalytic (yo, Ww>3x 107 ) coating approaches 400K. Owing to the
snsitivity of RPr-coating ablation rate to surface temperature even
small changes in radiation equilibrium temperature will strongly

influence the re-use capability (mumber of missions between refurbishment)
of the materials system [cf. LTV (1972)].

*The kinetics of N, dissociation in the shock layer of the Orbiter
vehicle are slow enough to significantly reduce the benefits of using
low y-materials on radiation-cooled vehicles, especially in regions
of small stagnation point radius. The combined effects of small nose
radius and sweepback should make Yy for the wing leading edge material
far less important than the corresponding values of yy(T,) for the
nose cap.and fuselage belly panels. Reduced temperatures of these

locatiohs would imply greatly increased re-use capability for fixed weight
and coating thickness.

#FPor nose radit of the order of 1 foot only surface-catalyzed 0 atom
recombination may be important, and the potential benefit of noncatalytic
wmaterials 1s somé 60K. Larger benefits (> 200K reduction on radiation
equilibrium temperature) are possible when RB > 1 ft owing to the
formation of N atoms in the stagnation region shock layer, however, these
are not likely to be realized using the present RPP leading edge/nose
cap material. Our y-measurements suggest that, for RB = 2ft, RPP would
run only some 15-20K cooler than a "perfect" catalyst during about 602

of the re-entry heat pulée. This difference would ultimately vanish
during the last 40% of the heat pulse (Ssction 5.2)

#A noncatalyti. tefractory coating used where RB is sufficlently large
would not only reduce peak wall temperatures by more than 200K -~ it
vould also have the effect of altering the shape of the T'(t) "pulse”
from one which is very high and plateau-like,to one which first exhibits
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s "low temperature” plateau followed by a temperature rise (some
130 - 140K) accompanying ?32 dissociation limitations later in the
re-entry (Section 5.2).

#The phenomenon of wall quenching is likely to annhilate any
significant heat transfer reduction that would result from surface-~
catalyzed atom recombination to form excited (rather than ground
state) molecules under re-entry conditions (Section 5.3.1), However,
it is possible that the escape of excited N, molecules formed by
surface catalyzed N-atom recombination could account for a significant
portion of the surface terperature differences observed in a high
enthalpy air arc jet when inhibited RPP is compared with bare RPP
(Section 5.4). Thus, present arc jet test predictions of surface
temperatures during re-entry, and hence re-use capability, may be
overly optimistic.

—

%hile 3-body ré:c:ions may be “frozen" within the boundary
layer, under 3lide re-entry conditions for which N-atoms are formed
in the shock layer, the influence of bimolecular N-atom exchange
Teactions within the boundary layer should be inéluded to avoid
underestimating the radiation equilibrium temperature of O-atom
recombination catalysts(Section 5.3.2)

6.2 R ecommendations

Potential reductions in radiation equilibrium tenperature (>200K)

D e atinc:

P Lo

due to reduced catalytic activity, and their implications with respect
to extended re-use capability especially for the nose cap and possible
fuselage belly panels, are large enough to justify further research on:
&, The phenomena causing large syetematic differences betweeon
Y inferred from cuergy balance methods (euy. in arc jets) and
Y inferred from atom mass balance methods (cf. Section 5.4).
Evaluation of the consequences for laboratory simulation of
matorials response in nonequilibrium dissociated air.
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b. Since a truly non-catalytic (¥=0) coating is an unattainable
ideal, and since the large observed c:fferences between
Yor N for the RPP-coating and the RSI-coating may be due to
to the A1203 content of the former, it would be useful to
deterrine y, and v, on pure $i0, at surface temperatures atove
1500K (using a chemically compatible refracteiy substrate) in
_.our duct flow reactor (cf. Section 2). ? '
¢. The causes of large activity for present generation coatings,
including high temperature Yor Yy measurements on important coating : .
constituents (eg. ;1203(3)), and a better definition of the role
of surface topography (roughness).

d. High temperature measurements of Yo and Yy o0 well~defined refractor:{
ceranic materials likely to be useful in the future U.S. hypetsonic
vehicle developuwent

e. Measurements of the effects on Yo,YN of small element addiuons
to ceramic coatings (ie. "doping" effects on catalytic acti\n.ty)

A= SO

BRI MGYININ T S
-

RISy o TRie

( " f. The interacting effects of physical, chemical and aerodynamic
n' f phenomena in determining expected surface temperatures and

ablation rates for radiation-cooled glide re-entry vehicles. ;
Further development/exploitation of the predictive methods of : i
] | Section 5. L.

=4

g« Gas uptake-loss phenomena in temperature-cycled amorphous
coatings; the causes, consequences and prevention of surface ‘
blistering.

———m —— .

. * For example, doping the present RPP coating with B, Al or Ti to
suppress crazing is under consideration [LTV (1973)],




‘ To the largest extent possible, further rescarch should be directed
at obtaining a better basic understanding of the subtle chemical und
physical factors governing the magnitude of y and energy release on
chemically and physically well-defined refractory surfaces. This will
require increased attention to materials otlier than currently manufactured
TPS coatings, a longer-range viewpoint and a more systematic approach.
The goal should be to provide a scientific foundacion"' and set of
spplicable techniques to guide future design choices in the realm of

Y hypersonic flight. Results of this ‘type would also inevitably find
application in many other technical areas in which dissociated gases

{nteract with refractory solids.

=,

~: . T The extent to which our present program exploited results available ‘ﬂ
4 from the authors previous long-range basic research is clear from the i
4 i
i content of Sections2-5. Without this background, the results reported !
) here could not have been achieved in a one-year period, even at
-{ considerably greater cost.
l‘ .
(?
4 - ‘h
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‘ 8, NOMENCLATURE

A transverse flow area of duct reactor at prevailing axial

‘ station,
i c sean thermal speed of atoms evaluate at catalyst surface.
o c mixture spacific heat (per gm.)
‘;I | ]
7§ cp " molar heat capacity for chemical species 1.
[ »
s ’
qi Dt Fick diffusion ccefficient for species i transport
7; Quss effective local duct dismeter £ 4 x (area)/("wetted"perimeter)
d.
1 ]
5 Y . l'k‘ correction to heat transfer for departures from high Reynolds
% k number boundary iayer theory; see Section 5.1.
B
5 ¥, correction factor for finite molecule dissociation kinetics;
= Dam,2
Eq. (5.1~7)
£C) function; Eq. (5.1-22)
tb Seider-Tate type function correcting the local mass trvansport
coefficient for transverse property gradients
f& Seidor-Tate type function correcting the local heat transfer
coefficient for transverse property gradients . “
fv Seider-Tate type function correcting the local skin friction i
- coefficient for transverse property gradients i
G‘ homogenaous sink term in atom mass balance equation; (Eqs. (A2.2-10)] f
‘ AB:‘ 3 wolar heat of formation of species J . .
] !
J: v diffusion flux of atoms at the wall
®
- kg’j homogeneous (3 body) atomic recombination rate constaat (3=0,N)
iv hetarogenecus recombination rate ccnstant; vc/é
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Py

Lewis numbet for atom i diffusion (1 » O,N); Di-mixllkl(pc’)l

length of one section of the reactor
molecular weight (gm/gm-mole)

atomic mass, M/N A

nass flow rate through duct reactor
value of dlné"/dln‘rw (see Section 5.3)

23

Avogadro's number (6.023 x 10°” molec/mole)

local Russelt transfer coefficient

local static pressure

.

prevailing mixture Prandtl number -—“%Tcg’b

energy of excited molecule M* above ground electronic state
recombination héa: per uvnit mass of recombining atoms (A = O,N)
energy flux at the wall

dimensionleas homogeneous quenching parameter; Eqs.(5.3-6,5.3-7)
universal gas constant ‘

Reynolds Number (U « d ../v,,,) for duct reactor
body radius of curvature at stagnation point or line

Schaddt nunber for atom transport, V/D, ...

Stanton tumber for heat transfer; Eq.(5.1-3)

sslectivity for the heterogeneous production of electronically
excited molecules per recombination event (cf. Section 5.3)
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A,max

characteristic dissociation time; Eq.(S.1~13)

\
local gas temperature N

characteristic flow time; Eq.(5.1~13)

average gas velocity in duct, or “free strean” velocity relative

to vehicle

dimensionless wall recombination parameter for atoms i
(1 - O.N); Eq. (501.5)

difference between computed and experimental value of
“A,Q(Y) $ Section 2.2

wole fraction of species j in mixture

-

Songitudinal coordinate alomg the reactor
altitude above sea level

dynami: viscosity of gas mixture
Stefan-Boltzmann radiation constant; Eq. (5.1-1)

argument for mass transfer Nusselt number

argument of the Nusselt number for heat transfer
aton vecombination probability

thermal conductivity of mixture

gas denoity

nixture kinematic viscosity, /,

species § mass fractica

quantity defined by Eq. (5.1-13)

dnelastic sean~free-path of emitted photoslectrons
angle of attack of Orbiter vehicle
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Subscripts

total henispheric emittance of surface; Eq. (S.1-1)
quantity defined by Eq.(5.1~16)

diffusion boundary layer thickness
chemical sublayer thicknessj Eq. (5.3~9)

shock layer thickness
Yextent” of hetercgeneous atom recombination; Eq.(S5.1-4)

any property (p_.p_, pe,...) tabulated as a function of U,2
(cf. Eq. 5.1-8)

intermediate station in reactor Section I (see Fig. 2.2-1)
pertaining to atcms (either N or 0 atoms)
pertaining to ;otmdaty layer theory; cf. Eq.(5.1-2)
“bulk"or "mixing cup average"
coputed value
chemical contribution or part
outer edge of external boundary layer; Fig. S5.1-1
exit of the duct reactor; Fig. 2.2-1
effective (equivalent) value
pertaining to local thermochemical equilibrium (LIE)
sxperiuental value
chemically "frozen" (in sbsence of chemical change)
pertaining to heat transfer
fnlet statien of duct reactor (Fig, 2.1~1) = -
specics index (either Ar , N, , N , Oor 02)
pertaining to local gas mixture
window; Eq. 3,1-1 |
no window; Eq, 3,1~1
brightness (Section 3.1)
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q

8
v
2,0,20,

3te.
«»

2,3

1,11,I11
Superscripts

(r}

0

1,2

Miscellaneous

A(*)

1. 3_+
B R
6(1)26

P8

LTE

RPP
RS1

ESCA
v
SEM
XPS

maxioun velve (@g. AWNcuem,max =2 (wie- wi,wsa)'QZ(n))
pertaining to the quenching of excited molecules

immediately downstream of the normal shock wave

svaluated at the wall (gas/solid interface)

partial derivative with respect to Z,U,2 and U etc., Eq. (5.1-8)
at upstream infinity (with respect to body)

for‘ homogeneous reactions 5.3-2 and 5.3-3, respectively

pertaining, respectively, to reittor Sections I,XI, III

rth approximation ( r = 0,1,....)
evaluated 11; the ideal gas (Lim p + 0) state

pertaining to first and second "levels" of approximation to y
(vritten ly ,2y ); see Section 2.2

“change 1n" operator

spectroscopic¢ designations f;:r electronically excited states of
the 02 molecule

from 6 to 26 in 1ncrehex;ta of 1, etc. (eee Section 5.1.1)
thermal protection syst;m .

local thermochemical equilibrium

reinforced pyrolyzed plastic material (nose cap, wing leading edge)
re-usable aurface insulation material

quarterly progress report (Contract NAS 9-13058)

electron spectroscopy for chemical analysis (see XPS below)

Ling Temco Vought Asrospace Corporation '

scanning electron microscope

X-rsy photoolectron spectroscopy
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1. .
gf 1.18(~4)
a 0
g’ ( )n.

g 3-dim

¥ 2-dim

; Al,A2,..
a

i;} (

gas
solid

condensed (liquid or solid)

concentrations (number densities) of N, 0; Section 2.1
percent . . \
Y

. \
S 118 x 10 (ete.)

per'imit area
per wnit volume

3 dimensional (axisymmetric)
2 dimensional

Assumptions 1, 2, ......
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Appendix 2.2 DETAILS OF DUCT REACTOF DATA REDUCTION PROCEDURE

This appendix includes explicit expressions for the individual

terms appeuaring in the quasi-one dimensional duct reactor analysis
outlined in Section 2.2,

For constant property Poiseuille flow through a straight circalar
duct of diameter d with constant wall temperature T for z > 0 the local
heat flux at the duct wall is given by:

-3 Nu(g,) - I7, - T,(] A2.2-1)

vhere
€2 —2_ . 2 (A2,2-2)
A Pr + Re d )

The local Nusselt number Nu(€) appearing in Bq. (A2.2-1) is expressible
in the form of an infinite series [Kays( 1966 )]. For variable property

flow in our non-circular duct reactor the local heat flux is therefore
spproximated by:

. A ,
- f{’&':‘f W) ¢ I, - W] (A2.2-3)

vhere t’a('tw/'l‘b) is a variable property correction factor of the Seider-Tate
type and

(z-2,)
tA 8 -m . 1—:—;;—- for ‘.u :. g < ‘\l (Azoz““)
z ‘.“‘..‘)
of)
‘ 2 (s-2,) ¢ (42.2-4¢)
Soete——— & or s >82 o &=8C
A Pr + Re d.“ -~"d
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' where the stations z_ , 2, and z, ore defined in Fig. 2,2~1, Of course
T (z) wust be specit:led especially outside reactor region Il (where

r 48 peasured). For this purpose it was assunedftbat T, is at room
tenpeuture in the water ¢ooled quartz sectior~ (cf. !'13. 2.1-1)and

rises linearly in the uncooled quartz section to value half-way between

crv)n and that of the water cocled section (cf. Pig. 2.2-1),

. Similar expressions must be used for atom mass transfer to the walls,
however, the situation for Jx,w is less direct since ”A,w is not known.
. a priori , but is determined by a local balance between transverse atom
diffusion and surface reaction [Rosner (1964d)]. This local transverse
atom balance equation may be written:

)
”‘R’ iy @, Al Aw

off

k'('rw)pwu Aw (A2.2-5)

(z-2)  2(z-z)) « (D),

§ emee—t— . -
F THeowe " T Y (A2,2-6)
1/2
. v
ko) & I («Ta‘;) (A2.2-7)
M
Py E -ﬁ.-"- (A2.2-8)
A
.¥hen Eq.(A2,2-5) 1s solved for v wve find:
k\fwdef
£pRu(8p) (Dyp)yuy | £,®,0), - NulEp) 42.2-9)

B d %
oV off 1 * vpv eff

4+ Owing to thn catalytic activity of quartz at these temperatures, our inferred
y-values for Section II can be sensitive to the value chosen for the peak
quarts tegpperature. However, parametric studies indicacte that this could at

most account for abort a factor of 2 in our present y‘-u:m:es for the RPP

material,
140




LT

ot b

.
e

:L b d JHUJJU “‘ ST

TR

g St e

- AT

oo .

S8ince "’A sppears implicitly in LI via the mean moiecular weight of the gas

pixture at the wall, an iterative solutiou of Eq.(A2.2-5) is, in general, necessary.

Values of. the correction factors f ’ fa. t were estimated from "calibration"
runs in which the exit pressure and bulk gas temperature were measured and
compared with computed (predicted) values, These led,respectively,to £ v

(‘t I 2’65 and £, = 1.0. All 27 values reported herein were based upon

these factors, together with the assumption f = 1.0,

For a thtee-bl dy reaction the gas-phase recombination term QA is
given by:

(T,) 3 W ®,
kp,0Tp)Py “op 0,b .
- for O-atoms (A2.2-10a)
ﬂo ﬂb

A L

ﬂ“b”bs "‘;,.b
for N-atoms (A2,2-10b)
L ™%

The howmogeneous (3 body) recombination rate constants k& 0 kR
sppearing in Eq.(2.2-10) have been taken to be 0.817 x 10 > an

1.49 x 10™ ~32 cn6 x molec -2 X sec 1, respectively, within the reactor
temperature range of interest [Schiff (1969)].

.. The corresponding erergy release to the gas mixture QX' is merely

given by the product 5aQy» where the QA (A = O,N) are the heats of
recombination per unit mass.

+ The appearance of only the first power of 0)0 b* and the 02
]

concentration in Eq. (A2.2-10a) reflects the predominance of the
Os-mchnnim for O-atom recombination under these conditions [Kaufman,

@a9e1) ).
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APPENDIX 2,3, ON THE USE OF “z°3 ADDITIONS TO RPP CO. iGS

Inasmuch as our recombination results and the comparison of
BRFP mass loss rates with those for pure deuse pyrolytic SiC ‘
(Rosner and Allendorf, 1970a) indicate that the presence of l
Alzo3 in the RPP coating may enhance recombination and oxidation
reactions we examined the evidence [LTV(1972)] that led to the
decision to use Alzo3 in the RPP coating. Since we have not found
a summary of this evidence, our summary of the data is given below.

ey

= e

The relevant data concerning the use of Al.‘,o3 in RPP coatings
are given in Sec. 4.3 and the appendix of LTV(1972). The basis
for choice of a "best" coating system is stated (p. 144) to be that
“tested specimens indicated acceptable low temperature oxidatiocn
resistance, good strength and plasma arc performance, and a projected
ease of fabrication". Avoidance of crazing phenomena and cool
down cracks during fabrication was also significant in choosing between
different coating procedures although (p. 171) "The effect of crazing
on system performance has not yet been proven detrimental since crazed
parts have performed well in plasma arc test and air furnace test and
have good flexure strength."

~—

. The quantitative results that bear on the choice of the 10A1,0, f 1

608iC, 30S1 pack composition in the diffusion coating rums were

test results from diffusion furnace runs M8SB, M88, M95, M96, and M97 .
(p. 143). We have summarized these results in Figs. A2.3-1, -2, and -3. '
Figure A2,3-1 plots all the arc jet test results for the above samples
versus temperature and also presents the correlation curve for ths final

arc jet results on the 10/60/30 material [LTV(1972), p. A63-64].
No significant difference is observed between the results for any of the
. pack formules and the final 10/60/30 material, However, most of the 10/60/30
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) packing in a mix of silicon and silicon carbide, Specimens fabriacted

apecimens achieved slightly lower temperatures* in the arc jet
tests and therefore appear superior if one assumes that arc jet .
experiments faithfully reproduce the re~entry environment.

Flexure strength data from expts M95, M96 and M97 are presented
as strength vs specimen percent teight gain during coating in Fig.
A2,3-2, It is clear from this plot that strength decreases with
weight gain during coating and with the temperature of the coating
process but is not rélated to the compeosition of the pack.

Pereny furnace test data which measure weight loss during air
exposure at 2300°F are plotted in Fig. A2,3-3 as percent wefght change
4n the furnace test versus percent weight gain during the coating
process. Again, pack composition is not significant. In Fig. A2.3-3
the bands for data on the 10/60/30 coating [LIV (1972), p-162] are showm.

Tt;;s it appears that A1203 containing packs for the diffusion coating

process produce coatings with equal arc jet, Pereny furnace, or strength
ccontings

performance to Mﬁ formed in the absence of A1203. The main reason
for the choice of u203 containing packs for the diffusion coating process
1s perhaps historical as evidenced by the statement (p. 141) "This good |
performance (in Phase I plasma arc tests) was in part due to the aluminum
oxide content added in slurry form to the surface of the RPP prior to

without aluminum oxide did not perform as well? Also the statement on

P. 148 "The 10% A1203 mix sinters and shrinks at a more predictable rate under
the test conditions although at 3400°F an over-sintered condition prevailed"
appears to be significant. Nevertheless the qualitative comparison of

pack results containing different amounts of A1,0, (p. 145-147) does not

seen to favor the 10A1203, 60S1C, 3051 composition ovet the mzos, 89siC,

3081 composition.

* The good correlation bestween weight loss and temperature indicates that
no eignificant spectral emissivity differences exist for che different
coatings. .
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APPENDIX 5.1 CONVERSION OF v4 T0 RECOMBINATION RATE CONSTANT (“'VELOCITY'')
Since all aserodynamic heating predictions involve the group

oz 1‘( )1/2 Y

it is useful to te able to rapidly convert from the dimensionless
recombination probability y (‘l‘w) to the corresponding recombination
yate constant or "velccity" (expressed,.say, in cm/sec). For this
reason Table A5.1-1 is provided, giving the numerical value of the
ratio® 1074 k, /v; for 0 atoms and N atoms in the temperature
range 1000(100)2500K:

. Table Aso 1.1

Values of 1074 K /y for 0 and N-atom Recombination®

W

-

P

T, Oxygen, Nitrogen
1000 2,8759 3,0737 i,
1100 3,0163 3,2237 ‘
1200 3.1504 3.3670
1300 3.2790 3.5045
1400 3.4028 3,6368 bt
1500 3.5222 3.7644 f
1600 3.6377 ' 3.8879
1700 3.7497 4,0076
1800 3.8584 ‘ 4.1237
1900 ‘ 3.9641 4.2367
20000 4,0671 4,3468
2100 4.1675 4.4541
2200 4,2656 4,550
2300 4,3615 4.6614
2400 4,4553 4.7617
2500 4.5472 : 4.8599

+ the value of k‘\ /vy may be identified with the maximum possible reaction

velocity for atom recombination at the prevailing surface temperature. . ‘:-‘;.
s eoxpressed in cm. sec -1 147 Sa %
1 U2, QOVERNMENT PRINTING OFFICE: 1973—178.210/1077




