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THE MISSION OF AGARD

The mission of AGARD is to bring together the leading personalities of the NATO nations in the fields of
science and technology relating to aerospace for the foliowing purposes:

~ Exchanging of scientific and technical information;

— Continuously stimulating advances in the serospace sciences relevant to strengthening the common defence
posture;

— Improving the co-operation among member nations in acrospace research and development;

— Providing scientific and technical advice and assistance to the North Atlantic Military Committee in the
field of aerospace research and development;

.— Rendering scientific and technical assistance, as requested, to other NATO bodies and to member nations
in connection with research and development problems in the aerospace field.

— Providing assistance to member nations for the purpose of increasing their scientific and technical potential;

I — Recommending effective ways for the member nations to use their research and development capabilities
for the common benefit of the NATO community.

The highest authority within AGARD is the National Delegates Board consisting of officially appointed senior
representatives from each Member Nation. The mission of AGARD is carried out through the Panels which are
compused for experts appointed by the National Delegates, the Consultant and Exchange Program and the Aerospace
Applications Studies Program. The results of AGARD work #ve reported to the Member Nations and the NATO
Authorities through the AGARD series of publications of which this is one.

Participation in AGARD zctivities is by invitation only and is normally limited to citizens of the NATO nations.
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PREFACE

Ablating heat shieids have successfully protected many hypersonic vehicles during il
- atmospheric re-entry. Detailed knowledge of the characteristics of many materials and of i
the interaction mechanisms between materials and high-tempersture environments exists.
Using this information, very reliabie passive heat shields can be designed.

mental investigations of ablation. Although the technology has reached a mature status,
new materials are continually being developed and passive ablating systems are of great

interest to heat-shield designers. The well-developed literature and ccntinuing interest |
in ablation technology make this a particularly suitable subject for an AGARDograph. The A
intimate coupling between the fluid mechanics of high-temperature boundary layers and i
ablating materials makes sponsorship by the Fluid Dynamics Panel very appropriate.

I
i
l
There is an extensive literature containing the resuits of both analytical and experi- l
|

This AGARDograph review the advances in ablation technology, the present status,
and indicates possible future directions. Ablation analyses are discussed starting with the
original simple model in which the amount of material removed is computed from the heat
transfer to a non-ablating body and the effective heat of ablation. Analytical methods are
carried through the development of the most sophisticated approach which considers the
coupling between the boundary layer, the ablating materials, and inciudes complet= non-
equilibrium chemistry. The behavior of various materials is compared. The status of today’s
experimental facilities use:d to determine ablation behavior is reviewed, including test tech-
: niques and instrumentation. Finally, the shape changes and changes in surface roughness
: which result from ablation are discussed. These changes obviously interact with vehicle
performance, flow fields, and aerodynamic characteristics.

; The authors have covered, with remarkable completeness, a large complex subject. The
} bibliography, as well as the material covered here, should be of considerable use to those
interested in ablation technology and the design of atlating heat shields.

Dr.R.E.WILSON
Fluid Dynamics Panel Member

The AGARD Fluid Dynamics Panel wishes to thank Dr. Wilson for his contribution in under-
taking the review and editing of this AGARDograph.

_-rv—-—--.—-—--q-" - e — e - e -y - S . w e ——. r—-‘




—————

—rmr -

F’_-“m I TS A S o A T T WPy, I e
;.‘ !

ABLATION
by

Henryk Rurvic:
Chief Advance Technology Engineer

Keanneth M. Kratach
Advancaed Thermal Protection Systems

James E. Rogan
Branch Chief
Heat and Mass Trazsfer

Aero/Thermodynanics and 'uclear Effects Cepartment
Research and Develoyment
Advance Bystems and Technology
MeDonnell Douglas Astronsutics Company
5301 Bolsa Avenus
Huntington Beach, Californis 926L7

BUMMAFY 1

Tvo decedes of edvances in ablation technology are revieved with particular emphesis on
develcpments of the last eight years. Leveling off of research activitiss is noted reflecting both the
gpace systems requirenents mnd acceptance of sblstion ss an established means of the)mal protection.

Fhysico-mathematical approaches to aoalysis of ablatisn procesaes are brought out ranging
from simplistic heat of ablstion comcept to the sophisticated azalysis of lazinar and turbulent flov, non=
equilibrium ablation in chemically reacting flowv fields {ncluding surfaze reactions and radietive hest
transfer. Farticular emphasis is given to the synergirtic mechanisms occurring during the ablation
process, Examples of nosetip interaction with mero/thermodymamic environment st the surface and in depth
pheucaens is given, as vell as striatiocc phenomena on the afterbody are discussed,

Graphite is used a3 an exazmple of synergistic sblation phenomena and effects becguse of the
interest noted in the litersture and because o'.ner materials may be treated in a simi)ar fashion.
Graphitse erceion mechanisme and its microstructure characterizatisn are revieved, The affects of fillers,
binders, porosity, and other parameters are discussed as vell as the synergistic effects of the above
parameters are also approsched in a novel fashion.

Material property and covironmental effects on material performance are alsc revieved as wvell
as the test simulation requirements. Requirements for furt.er studies of mechanical erosion, cther
sypergistic sffects, and extension of facilities range of performance are almo noted.

LIST OF EYMBOLS

CH Local (dimensionless) pure convective hest transfer coefficient or
Stanton pumbers including dissociation, mass injection and surface
reactiont

CH Leeal (dimensionless) diffusion (mass transfer) Staaton pusber

d
CH Local .dimensionless) cold wall heat tranafer coefficivnt or Stanton
o nupber uncoupled from species solution

Cl Specie mass fraction or concentration of ith specie, pi.fo

¢ Specific heat for compceite mixture of boundary layer species at

Pe constant prepsure

Cp Specific hest for ith species at constant pressure

i
Cp Specific heat of condwneed phese in the decorposing abletor
[
T Specific hest of mixture of bourdary layer species, C
FPatnos Pr
E“ Specific heat for cowpowite mixt.:c of gasecus products of

depolymerization at constant pressure

L—-—..:.MI. Pt e b Sl it it BT Ll . ; o . PP T T VAR POy Y G S W PPN PSS I SO oot SR A JEPPE Gy PRPLRC ST, PR TOUPTPRC JNEPIN TN SR AU PP PP SR S A e 5

R T W T



e

-

R TAmEA S R Ty AR TR T, (0 o LT I T ) TTT TSR

- W A

e e Y I R RCW L TR W ALY NS T a4, e
o —— DYV AY

-

-

11

gln)

8p(n)

Activation energy used in Arrhenius' rate expression for the
rapresentative solid phase resin component o

Activation energy used in Arrhenjus' rate expression for the
representative completely volatile reain cozponent %15

Activation energy used in Arrhenius' raze expres. ion for the
representative completely volatile nylon reinforcement e,
Activation energy for Arrhenius' rate expression describing rate
limited surface erosion or removal by oxidatior of graphite C3
Activation energy used in Arrhenius' rate txpression descriding a
form of deposition {nteraction or coking for the sblation model

Ratio of char density to virgin plastic density of model ablator

Number fraction of particles eroded
Mass fraction of particles

S0lid fraction mechanically eroded

Melt or evaporation fraction, iyli'. giving the ratio of the rate of
evaporation to the total ablation rate in the liquid layer equation

External radiation potential from ‘gloving"” interpal ablation
reactions as a resuit of char transparency

Reduced (dimensionless) total eothalpy function, refers *o I/]
in the laminar toundary layer solutione

keduced (dimensionless) total "nensible" erthalpy Sunctien,
Ir/(lr). in the laminar boundary layer soluticns

T
Enthalpy function defined as | c, (J c,at » h:'}
b <]

=3

I
Sensible enthalpy function defined as | ¢, J c  at
i o Py
T o
Specie enthalpy function, J C d: + hl

o i

Chemical enthalpy of formation of the ith apecies

Combined heat of melting snd vaporization (also {ncludes combustion
and ipternal reaction effects if not othervise accounted for) i{n the
liquid layer expression

¥Wall entbalpy (at ablater-boundary layer interfaze)

Lumped enthalpy of mass transfer and vaporization or sublimation
ters

Total enthalpy at boundary layer edge, same as le

t
Total enthalpy function defined as E <, (I C_ dt + h?)‘ uzl?
i N i

t
“otal “sensible” enthalpy function defined as EC‘ I c

2
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Variable {r the "gloving" expression

Frequency factor used in Arrhenius' rate expressioa

Alao exponant of Y to simmify twvo dimensional (Xec) or axi-
symmetricsl (kml) °

Also volume fiaction

Frequency coefficient used in Arrhenius' rate expressicn for the
representaiive sclid phase resin component P

Frequency coefficient used in Azrhenius’ rate expression for the
representative compleiely volatile resin component 9,

Frequancy coefficient used in Arrhenius' rate expression for the
represer-ative completely volatile nylon reinforcement Fy

Frequency coefficient used in Arrhenius' rate expression describing
& form of deposition interaction or coking for the ablation model

Mans fraction of oxygen at the ocuter edge of the bounda,y layer

Bindar mass fraction

Geometric mean mass flux

Mass flux due to surface erosijon or removal by oxidation of graphite
C; when ir the rate limited temperature regime

Mass flux due to solid surfaze erosion
Conposite mass flux of gasecus products of decomposition

Mass flux of ablation gas products, includes both l'LK. anc "k
Mass flux of solid species of surface material

Mass flux of indepth pyrolysis ges species

Totel frjected rass flux fr.ou the ablating surface

Mass flux due to mechanical eroeion (1iquid or solid)

Mear molecular veight of boundary laye- species

Mean molecuiar weight of injected species
Molecular veight of atomic orygen

Molecuisy weight of molecular o) sgen

FTesdure eipouert appearing in rate lawv expression

Reaction order exponent used in rate law expression for the
representative solid phase resin component |:>]'1

Reaction orler exponent used in rate law expression for the
Fepreseptative completely volatile resin component 012
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or

Reaction orier exponent used in rate lav expression for the
representative completely volatile nylon reinforcement Py

Alsc reaction order expoment for oxidation of graphite by 0 im
rate lav expression

Reaction ordar exponent for oxidation of graphite by 02 in rrte
lav expressiocn

Local partial pressure of char depositior exponent in coking rate
lav expression

Reaction crder exponent for a rate lav expression descridbing & form
of depogitinn for the shlation model

Local pressure

Local partial pressure of coking cbar material

Local boundary layer edge pressure

Generalired pressure

Molecular Prandtl Number

Eddy (turbulent) Prandtl Number

Heat transfer rate contribution due to "heat blockase' by mass
transfer

Hest transfer rate contribution due to chemical resctions in
surface energy balance equation

Cold wall pure copvective heat transfer rate evaluated by Eckert's
reference enthalpy method.
Also stagnation point heat transfer rate

Padiative plus convective heat transfer rate

Net radiative heat transfer rate into surface ni"-qn or
4 »

- +*

tvoTv a’v qrad

Radiative heat flux to surface frcm environment

Net heat transfer rate or flux through surface to the interior of
ablator = -(x dt}dy)v

Asrodynapic heat transfer rate to the surface of the ablator from
the boundary layer

Recovery factor, * Pll? (for lam. B.L.), * P“3 (for turb. B.L.)
Universal gas constant

Seflectivity of the cher at the surface of the ablator appearing in
"gloving" term

Reflectivity of the char materiai im depth at location of
evaluation of dF/dy appearing in "glowing” term

Steady state recession rate

lar t ane

PEEPCTEVTYRE SPTORFPEPII TR W) - 7 - T Per S R OY -2 T NS TR SRS IR SO

p—

Py




B.

Binder bridge thickness

Local temperature

Local "wall" or surface temperature

Streaxvise component of flov field velocity vector v parallel tov s
direction

Transverse component of flow field velocity vector ; normal to &
direction and parallel to y direction

Annihilation or creatiun of species (i.e., mass rate of change of
specie) through chenicel reactions vithin the boundary layer

Spacial curvilinear crordinate normal to s coordipate and traasverse
to ablator surface, also depth into material

Trensformed depih into material (Eq 47)

Absorptance in depth used in "glowing" expressjon.
Also viscous resistance coefficient

Abscrptance of surface of the ablator

Lazinar and turbulent boundary layer mess injection parameter

Specific heat ratio, Cplci‘ for {deal gas; slsoc given as the char
mass fraction of pyrolyzing material

Volume “raction of a degradation polymer in a virgin abletor
composite (represented as Phenolis Nylon for the sblator model)

Char depth meedured from the outer surface of an wblation test
model

Ablator nodal thickness uzed in trensient heat conduction solution

Energy released by combustion reactions between the gaseous surface
waterial. pyrolysis products and environment cocbined into one terw

Boundary layer enthalpy potential for the free stream gas

Enthalpy of deposition
Enthalpy of depolymeritation and pyrolysis

Energy absorbed by pyrolysis

Net energy of decomposition plus sensible enthalpy with original
temperature and state as reference

Forosity

Ablator surface emissivity

Paraneter defined by Eq 36

Similarity transformed (Lee's Dorodnitsyn) or reduced body
coordinate y usel in lamipar boundary layer solutions, also
transpiration coefficlent used in ligquid layer equation
Yiscosity

Molecular {(for gas cpecies) thermal conductivity

i4dy (turbulent) thermal conductivity

Parsmeter d:fioed by Eq 3§

Loral coaposite density of all species (gaseous-both buundary layer
and pyrolysis productas)

Instantaneous condensed phase density of the representative solid
phase reein component of the model ablator
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Subacripts
b

Ipatantaneous condensed phase denaity of the representative
depolymcrized and coapletely volatile recin coapon-nt of the model
ablator

Instantaneous condensed phasc density of the representative
depclymerised and completely volstile nylon reicforcement component
of the model ablator

Instantaneous condensed phase densi‘y due to & form of deposition

Instantanecus weighted sum of local polvmer condensad phase
densities (Dn. P10 92)

Denaity of the ith species in the boundary layer of the aame unit
volums a8 D

Density of original abistive material before dacomposition

Total instantanecgus condensed phase denaities of local polyzer and
deposition contributions

Mass flux of pyrolysis gases
Total ablation mass flux

Stefan-Boltzmann constant

Eroded surface depth

Aerodynamic shenr stress

Binder

Denctes boundary layer edge value,
Also ena sffect region pruperties

Denotes ssnsible enthalpy term

Denotes ith species, initlal value; or ith nocdal leminar
Jenotes ablator char solid phase species

Denotes ahlator pyrolysis zas species

Refers to orthogonal rectangular coordinetes {3 dim.)
Refers to stagnatiou point value or virgin material
Denoter recovery value

Pyrolysis product

Denotes condensed phase;, or net aurface value
Thermochemical

Pore volums

Denotes "wall"” or ablator surface value

Denotes free streez value.
Also thick sample properties
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1.0 IFTRODUCTION

As the scientific/enginesring commumity applauded the success sf the sarly unmapned and manned
reentry flights, it recognited the emergencs of ablation as a reliable means of therual protection. Theae
successes intensified the research efforts, vhich ovar a decade and s half heve advanced the analytical
tools from the relatively sizple "hest of sblation” approach (1) to sophisticated computer colep which
allov & detalled description of tue ablation processes (2,3,4,5). Parsllel vith the analytical develop-
ments vere the material formulations required to satisfy the more specialized and usually moTe stringent
mission requirementi. These combinaticns produced & nev challenge. It was no longer sufficient to be
able to predict the gross behavior of ablstion materials. It vas mov required to underatand the miziro-
scopic behavior in order to adequately give direction to the new materials development required to satisfy
the ever incressing syatem demand. Furthermore, the efficlency of the very process of ablation {(removal
of mass by thermochemical or thernomechanical processes) had to L3y gaximized and in the limit reduced to
perhaps Just the surface oxldation as in the case of graptites in scme environments.

The purpose of this AGARDograph is to reviev the advances in- and the status of- the ablation
technclogy after nearly tvo decedas of its applicaticn to various space reentry and propulsive systezs,
Many reviev papers (vith extensive bibliographies) have Leen published during this pertod (6, T, 8, 3, 10,
11, 12) each vith sosevhat differsnt smpbaais on various aspects of ablative pbencmena. Some of the
revievs stressed adbl tion mechanisrs or material behsvior, while others treated anvironment interactice
with ablative system and exparimental sizulation of sblation phencmena {n fiight. In the latter part of
the sirties production of reviev papers nearly matched the publication of papers treating nev aspects of
ablstion plencaens. This indicstes n leveling off of research sctivities vhich may be due to astisractory
solutiou of enginecring problems sasociated with present or presently contapplated space missions = or in
other vords attainment of oaturity by ablation which nov has twcame &n estariighed rmeans of tharwal pro-
tectiocn snd found its way into handbooks. This necd Dot necessarily mean & halt in resesrch and develcp-
ment sctivities, but it does oriomt such activities tovards specific mission requirements rather ihan
broad theoretical studies so typical of the tifties and early sixties. This decreased ewphasis cn sblation
research per st may be caused by the fact that sdvanced missions in many cases operate either in
sovircomen's vhich invite stuy, of nan-receding protection systems or demand reuset of the gurface with
pinimum of refurbishment. The attractiveness of grajlites or lov density polymerics camnot be underesti-
sated ard thus studies of "near” sblation pheccmens take precedence over sblation. Still, ablation is
ote of the most effective amnd economic means of protection of reentry vehicles. A previous AGARNcgraph (&)
reviev of the related subject of sero/thermochemistry of ablatiocn by one of the authora of this sublica-
tion carried the sdvances in sblation into the sixties and will be treated here as ¢ departing " >int to
avold repatition, Alsc the suthors have comtributed two ch.pters (13, 1L) on the subjects of e lation
and thermal protection systems, respectively, vhich will be used here vhere required, Triven b reguire-
pents of various space missicns briefly noted above, the developments, szant that they have bee .o the

last five years, concentrated in the folloving areis:

1. Icternal pyrolysis pbeuomesa for low lensity ablators.

2. Behavior of graphites ip high presaure and temperature envirooments ineluding internal
pyrolysis and mechanical erosion.

3, Fapirical evaluation of mechanical erosion of abvlators and analysis of shape c.anges
due to thermochemizal/thermomechanical forces.

L, Respoase of materials in environment with high radistive fluxes, and ipcluding presence

of maseive ablatiocn.

5, Better understanding of surface and boundary layer chemistry.

6, Analysis of various synergistic mechanisms including attempls on treatment of coupied
jescting boundery layers vith redistive heat transfer, noo-equilibrium ablatirn, ani
sarface and flov fleld chemistry for laminar and turbulent flov.

mproved Arc facilities capable of very high pressures (=200 atm)

7. Desigc and operation of i
fon with previoutly asttained high enthalpy

and/cr radiative heat fiuxes in combinat
plasmas.

The discussion of the environsent per 8¢ {s out of the scope of this paper. The reader ia

referred to (15, 16} for such reviev. Hovever, the interaction of environment vith material response and

vehicle performance is eritical in evaluation of ablation phenomena and as auch will be revieved here,

1t is hoped that this ACARDograpb with its reviev of the stite-of=-the-art in ablstion apnalysis, materials
1 be of help te the sclentist and engineer

bebavior testing, and study of synergistic mechanisms vil
studying and designing space vehicles and developing materials used for thermal protection.

g the understanding of gynergisti: phencmena, mechanicsl erosion mnd
pipuiation facilities is still in order, as the state=-of=thesart .s
ture ipterplanetary missions which may be costemplated.

Further work in extendin

exrtending the range of nxpcrinrtn.l
still not sufficient for scne of the fu

2.0 ABLATION ANALYSES

2.1 Genersl Considerations

e e

The envircomentsl parameters associated vith hypervalocity flight in planetsry atmospheres

affecting sblation pechanisms are: gasf temperature, enthalpy, =nde of energy trancperi, total heat load,
pesk heating rate, shape of the heat pulse, duration of the pulse, external and intermal precsure forces,
sarolynaaic shear, particle impingenent, mechanicsl and scouctical vibraticn, irertial and dynanic

fcrees, and the chemicel reactivity (17). Of primary concern {s the means of accormodating the energy
converted to heat; i.8., the thermal protection systez. *nis is mccomplisned In three vays: (a) atso-ption,
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‘v) radistien, and (¢) reduction of the serodynamic heat prior to it reaching the vehicle (18).

The requirement to minimise body weight has often led to the choice of msterials purposely
designed to undergo internal endothermic reactions leading te the format‘on of a carbonaucecus char vhen
heated and to vaporisze st the aurfece exposed *o the oypersecnic environment. The energy sbseorption
associated vith such processes, together viin { :* reduction of the hest transfer coafficient as a result
of injection of the products of degrsdstion and the vaporized species into the boundary layer have proved
to be extremsly effective in providing rellable thermal protection systems (19).

Tt has been found necessary (20) for efficient design to have an _:curate mathematical
description of the complex heat and Bass transfer phenosens sssociated with such processes inside the
paterial and an efficient numeilcal procedure for implementiag these calculations based on the sathematical
model. lo practice, the ablation phenonena are most often ercountered in situations vhere the ebvironmental
purameters are nonlinear functions of time. This fact, coupled with the heat shield physically being of
finite thickpess makes it necessary to perfors transien® rather than steady state calculations (19). The
fully transient solution i{mcludes the dacamposition in depth with the attendant density and temparature
gradients, intarnal transpiration and radistion generation, materisl redercsitiocn, sovrce terms for
convective and/or radistive imput, and provides for s variety of boundary conditions or surface phencmena
(20), With the aid of present day computers the solution is praccical even for quite complex sys.ems.

It bes been shown (19, 21, 22) that an intricate relatlan between the environment and saterial
reeponse indeed exists and that the solutio: of the problem sust sccount for them.

Although the transient problem cao be solved vith a certain degree of reliadility fur certain
coabinatisne of savironment and msterials, or for steady state axpesriments, & stsady state solut lon is
deemed slequate snd 18 lens expeosive in terms of computing time, Often, in prelimipary design pheses, a
cxbinaticn of transient and steady stste sclutions is used - ceause the costa associated vith a compreben-
sive transient analysis cannot be Justified.

One such conditico where a stesdy state analysis (i.e., neglecting indepth phenctena) can te
effectively utilized ia in the invest{gation of the sblatiocn requirements Jor lifting vehicles whirh enter
from ortit and sustain long constant altitude trajectories and minimal deceleratiocus. Here the ablative
process rezains in the diffusico-limited ~egime and involves the leaat intricate of mechanisms. In lov
neating envircoments (i.e., hest fluxes less than 75 Btu/ft2-sec), the su-face recession Las been shown
experimentally to be insiguificant. The forumation ot the char and the infiueace of pyrolysis on material
properties may aiso be consicered incodsequentisl vith respect %o a paterial insulating cepability. An
assumpticn of this oature inhereatly postulates an energy palance of the contradicting effects of pyrolysis
wnereby blockege of heat transfer by gaseous mass flux is compensated for by neglecting the increase of
“her=al conductivity due to cher formation, Hence, based on these premiscs in lov hesting environments,
a simplified steady statc model nay be utilized for estimating adlation requirements. Other conditiors
wnere siniiar approacies cah De Laked Lo reduce the Frebles 20 a stemdy state golntion are discunsed in
(20, 23, 2L).

2.2 Surfsce Mecbhanisms - Translient Ablstion

The several energy transfer mechanisms betveen the boundery layer gas sand the ablating wurface
are shovn in Figura 1. The energy balance at toe surfece extallishes the boundary conditjom for solution
of the boundary layer equaticns. The epergy balance yislds,

i . . . - . L . -
Rg " T8, - b * E. ("k')\r mk‘]v * i'.. ('l")v (hk")v R LV T ‘rhc ()

”

vhere the 3ass balance across the surface ia given by,

';u';r';c ‘li i2)
[] ]
with
- a . o 1 -
‘c‘ E, {‘k‘)u b hc. :::E, (n..}' (hl')v
and

. . gl .
I" E" (manl, 3 h" :::E' (l!u)' (hn,")v

The dependency of both CH wd CH on ;" and implicitly co L is seen in the boundery layer
4

expressicos. For the surface energy belance it is expedient to deflipe,
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Figure 1, Nurface Energy Nalanoce Meghanlams

Bubstituting four -i' from the boundary layer espressions, one observes,

‘ “H
3, " Bu,Cy (1), + (hp) ] ¢ pu e, 1,;1 lE ny ey), = (g0,

- e ti— —

Busface Couveotion sensjlie Cheminal energy transfer
gondusticn erergy tranefer vith SBBUOLALEG ViLh BuUPrace

term € dependent on m, resctions frum mess tranefer

(m,) (n )
B E sv-’!—" (hyody ® E pe -3:—“ (i), (W)
v v

el
Lerg transfer Lo Inergg transfer Lu the
the surface Ly surt'ace by internal gas
condensad materisl products
o LR .ot *aq - BN
v ¥ ¥ virad ra
— e ) — ponm— — .t — S
Energy tranefer avay Hersdiation Abeorpiion Energy transfar
fros surface by of ineident b -achsnlesl
n.rBal gas uase flow radiation s omion

The above equation inoludes the affeot of & non=unity levis numier and Ls applioable for Loth
laminar and turbulert flow, 1he energy Lelance oouples the Voundary layer molution, whieh is required tu
obtain species concentrations mid the transfer eneffinlen.s, to the (ndepth solutions of the charring
sblator analysis.

kg (L) ‘s genersl although, a8 presented, ther: vohemical equijiurius 1o aseumed in Lhe Loundery

layer and at the ablating surface. llovever, surface mass lation rate, s, u&h LUe reastion rate cuatrolled
]
by reacticne Latv- ‘he oondensed shlator char redctag.s wif the boundary Jayer spenies, AL liw aurfaee
temparatures re are often rate controlled wid ('c - nr) 19 determined from an Arrneniua rale
(]

expreseion, AL igher tesperatures ¢ rate of {nfeetion of i‘ fnto ‘he bowidary layer nan be enntrolled
sclely by the Aiffusiour, rate of the Loundary layer reasctante b the reacting avlatur surface, In thal
csse, boundcary layer solutiuns must Le determined with thermsochenica) aquililrium resstiona involving the
surface pase balance species, Oaseous abletion produsts are determined throuy) the simullansdous #nlullen
of (a) all murface thermovhemical equilibrium eactions axpressed in tarms of parLial pressures and
aquilibrium conetsnts} (b) egustions of conservation of elesenta apenies a' ‘he surfane| and (n) lialtone
partial pressure lav,
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The equations for conservetion of elemental spenies eome Airectly frem the conservation of
speaie equations and the sstalytio surfece resction roundary condition (19, 29), TPick's lav must be
assumed in order to demonstirals the same solution form in the turbulent case (21). However, st all times
the Boamdery layer resdtents are assumed to te wndergoing sisultansous squilibrium dlssociation~
regoabination reastions among themaelves at the sur’sse., In faol, & sontinuus betvesn the tvo extremes
af diffwion Jimited and rete limited resstions Bay be offected ss long as the precesses are confined to
the surfess. Therefore, reactions beiveen some sblator speoles and the boundary reactants nay be diffusione
iinited vhils ethers are siswtaneouwsly reve-limited (8, 23, 26),

The abletion meshanisme variowsly termed sublisation, veporisation ani/or melting vith
Spallation are oherscter/stionlly represente’ &8 change phase ressilions vith energy absorption. Tie
svblimation or vaporisstion 19 genera.ly assoceiated with the shepl 0al reactions betveen ambient bowndary
loyer soastituente, prrelysis gases and the eudiiming eurfsse material, Conssquently, the heets of phase
ehaige are most orten ineluded vith ehemics) enthalpies of formation of the surface anar condenssd phase
epenion, These phase ohanss resctions effestively decrsase the chemioal resction enthalpies,

The ablation meshanies termed meshanical eroeion {nejudes liquid layer flov, mechanica)
spallation, and mechenical shear of surfase aaterial. Liquid layer adlation e diecussed in the next
Subses'im, Heehanies! spallatiun of eharring ablators oan be caused b7 the ioternal pressure of the
G008 perasiabing Shrewgh the ehar (27), The etresses can eneeed the teneile strength of the char far
By 1w eher ebrength ablators. Aa & ccnnequende, a part or most of the shar ean separate from the
vivgia metorial, Meshan{eal stear ablstion Jo eharssterissd h small solid ohar partioles leaving the
surfees due 40 surfase shear fosoes, Bath of these proeedsed nan be expedited by the (mpingement of
ssall solid partieles (n the woundery layer a3 frequently corurs in the roket nostle erosinn, Mechaniosl
Shoar avlation 10 mormally assoeiated viih more severs envirommentsl conditions snd thinner char layers,

¥q (4) 4o mov rendily reengnisabie n tie form as presented Lut can be rearranged Lo an
alternate fars, An aliervate choloe for the surfage snergy talance le the folloving expression (19, 26)4

onemieny * B o B, 0

. k '
4" °x,’-“o'“r’r 2 "'f’vl < KT AN L ‘iumuu (s)

N
L) - - — — e ——
%
Fure senvesiion tarm Mase transfer, vaporisation blcoking
with n'.'u bewring no and aurface shesletry temm term
u

Aspandense on i. or "v

vhere
(r)
e ° ' .
R c“‘n.u.f‘sih‘[(ctl' REUCARIE Eh'l-:-l - 110 40(,) )
["1]
..H » E|(ll','(hh'f)' . E".i”)'{h."r}. (6)
“ioaning * Yal¥, * 8 11Ip) = (hy) )
vRere
. - t'l) . L ('n) 4 : ‘i '; . ® (1
.'c E'l'v : .'l E"ﬁv i “ 4§ *r
vith
-4 v (o +n )
P L) [ ]
73 - f“-—-‘— or —L) - )
!'atm nl!lbl LA "o

T™he blesking term ariser frem expressing 4. in terma of cn instead of Ou‘ Where ey
i 0 o
Btaaton number, Oy vith aaro sase injestion (1.0,, 5, ®0). This relieves the respuwnatbility of

datermining the pure scmvestive Bbanton 1 sber from solutions to spesies ooupled sonswrvation aguations,
Bupirienl relations frequently faeilitate doterminstion of the blooking ters,

is the

In most essen tyo 90 W04 @ are sonetants vhile i"‘h.) iv & table arriving from tha sahooh
layer solutlons, As stated earlier, quite frequently &ﬂ fe wvaluaten by Zokert's reference enthalpy
method for a fev simple shapes, butl for burbulent and laminar environsents {19, 20),
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2.3 Amavien with Liguid laver forsation

Thie mechaniss may be considered 88 an {ntermediate process tc Lne ablation vith only surface
Ba8¢ transfer and the more complex proness involving decomposition in deptn. The case of simple melting
vith the liquid layer instanteneously svept from the surface or total vaporisation at the liquid-gas
interfece for very high visoosity materials may be treated by the methoda of the previous section. How=
ever, ceses of aombined melting and evaporation of glassy materisls vhere the liquid layer partially
flows around the body and partislly evaporates require a more complex model of this mechanism. [Ixact
solutioss for the transient state arbitrery heat flux are given {n (28, 29, 30) at stagnation as vell as
Around the body for arbitrary velooity and temperature gredient in tne liquid layer. This solution {s
ooupled with {nternal radiation transport in (31) and & reviev of .he probles is given in (32).

Por specific results of the liquid layer analys{s and bibliography the resder is dirscted to
(28, 29, 3¢, 31, 3%), It should be noted that the methods recomaended are applicable to any materials
displaying 1iquid layer flov around the body and not Just gliiey materisls. The importance of the
internal tesperature distribution is particularly noted bacause of the strong effect of temperature on
Yiscosity of the liquid layer and thus on ablstion rates.

b Indepth Meohanisss

It 18 4n this ares that technology has exerted coneldersble effort o arrive at physioally
seaningful and ressonably acourate soluticns (8, 19, 21, 26, 13).

Aotuslly, the surface squations and the coupled boundary layer solutions marely represent a

8oL of boundary conditions setting the stage for the noaplex transient parabolic heat ronduction equation
descsibing the fndepth phanosens, that fe,

? k)
8, - (x 4;; (6)
v
The usual sseumptions constraining tne indepth solution are as follovs:

1., One eontinuous equation applies acroes the entire ablator to {nolude the depoaition,
porous char, decomposition (or reastinn) and virgin material reglouns.

¢, The pyrolysing materia) either decomposes completely 1ntc gaseous species or leaves

partially s solid residus capable of melting or entering into hetervgenous reactions st
the surface,

3. The mass flun of {ndeptn pyrolysis gaseous products are sensed inatantaneously at the
surface after deposition and/or Gecompoaitinn reanrtinng.

b, ‘'be pyrolysis gases are Slvays {n thermal equilibriua with the porous char,

3. Tha density ef the PYrolysis guses are assused small in oomparison ta the density of the
condensed solid phase.

6. Pyrolysis gas enthalpies are considered knovn functions of local temperature and external
pressure,

T: The thermal conduvtivity and specific heat of the solids can be rapresented as linear
funetions of the condensed Phase density snd funstions of temperature.

8. The ablation medel Sasumes the one diaensionsl transient hest and mass {lov to be normal
*o the surface,

:  The velsedty Sepandent térme such s tnose due to viscous strees, friction, mixing, etc.,
&i'e neglected In the transient heat oondi :tion solution.

40, ‘The mblating surfsce vill serve &8 the reference frame for the moving coordinate aysten.

11, Tharmal decomposition and depusition are assumed to follov simple Arrhenius' rate
eipredsicns.

12. Internal radfation heat absorption in u semi-traneparent eflicioun char is usvually
Feprasented as » g sdient expresvion added to the heat transfer equetion.

The preceding are gensrally sccepted as the ALendard asmumptions accoupanying an {ndepth
ablation solution, Kovever, other optiors exiat rresenting Internal pressure distribution effacin; trans-
piration ceoling; and models for evalusting the inturnal radiation contributione,

Upen exeruising the above asaumptions ona may obtain «directly the follcving transient indeptn
reaoting hvat gonductlon equetion in one dinensional partial differential equation form (21, k)¢

ke B VR
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=p (10)

, and enthalpy of uaposition, Aﬁc. are f(P'.T). Typically, an

F(L.l Rbl Pcl) # {1-r1(a_2 Rb2 Pcz) iy @(TIR ¢f(TIER +R(T)ER*1(1)P

|

dz’

\

Virgin Composite

such that Dd

converted into gaseous products.

wte \ {11)

Pyrolysis geseous products

+E
n

so04id char

o - r[a11 . °12) + il-r)a2 and ' being the volume fraction where 95 and 0, are completaly

e

Then tha 4overning Arrhenius rate expression might be, fur instence,

r n b
r 3 11 11
0 o,,(t) - =p - ==
) S _LL__T_{_Q RT
* 1”‘11°n‘°) [ 5. (0 =
11
n E n 12
oyttt 112 - A2 atey 12 o2
(o 12 BT . 2 AT
. rklzolgl ) BZ;TET e + (1 FJI202(0) E;TBT .
(12)
Penar
vhere f_ = —~
virgin
9imilarly “or a typical deposition reactien which might be EEHRd (pyrolysis gas) nfc ER,
(further pyrolysis gms) ¢ 3E (solid char) the governing Arrhenius rate expression would probally be
E -
a0 =i n_ o (t) e
[ /o e c '
e -kcnc(D) @ (oc) !E-TET] 113)

c

Note the arrov i{n the sbove deposition resction shows koing to completion ws stated in the
approximsticns. A reverse reaction vould involve equilibrium constants and partisl pressure dependence.

Considering this ss the complete picture then conservation requires, as seen by the suxiliary
eauations, that

an a0 an 30
Bk e AP e
Iy " 'w (14)
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Finally the char transparency radiation term as proposed in (2) vould be quite sdequate for
this vypical analysis, namely

kit

.-n(r-cl » Ro.-l( 2)-y=a)

1.0 3
E E(Jﬁla) * l(i-ﬂollu e .‘un_a—) (15) ‘
oy 3
vhere J i{s solved from the auxiliary set of equations
3% a1
£t aa . (16)
dy i
i
2 :
33 3 rl |
3; . = (17)
2 M
J, = by o? (18) .
vith boundary conditions J (ymg) = a\.?‘"d (19) a
- -
1-R
[ —— Ty
Fl(l) ¥ ws R, L (20) :
and
J(y=d) = Pl{k) » 0 (21) B -

All of these equations are thence assemtled in finite difference form and solved numerically
on tha computer (21, 36). Tne solutions provide acourste thermal histories and profiles throughout the
ablator as vell as a realistic prediction of the decmposition and deposition process.

2.5 MKachanical Removal

It 1s koown that some ablation materials under certsic external or internal high-pressu 4
conditions may either experience mechanical aopallstiocn of the surface or other fai{lures resulting in
machanical removal of materiai. The mechanisms or failure criteria for such ablation processes have been 4
studied (27, 37), criteria assumed and postulsted, and their results incorporated in the thermal ablation
models. Further detail will be provided in Beotion 3.0.

2.v Specialized Ablation Modelr

The saaple model of ablstion materisl exhibited earlier to represent the typical indeptb .
decomposition and - -30sition mecnanisms vas symbolically that of phenolic nylon in absence of mechanical i
removal. The symbolic pyrolysis gases released by decomposition of this model vere a four component
sixturs, namely KR, , !2!2, Rz. and P representing respectively methane (CH,‘). acetylene (CZHE). hvdrogen -

(Hz). and & combination of sssumed nonparticipating geses (i.e., non-rescting vith boundary layer species)

such s nitrogen and hydrogen cyanide (35). 1In this model the completely volatile nyloen reinforcement vas
represented by o, vhereas the 0, (completaly volatile) and 014 combination represented the density of the

phenolic resin wvith [ being the volume fraction of phesolic resin 1a the entire virgin plestic composite
(3, 21, 38). The last reference treats & rather sophisticrated coupled chemically rescting boundary layer/

charring eblator problem with intereciing results, but unfortunstely not quite tractable vy s practicing . 2
engineer. With ths equilibrium surfece resctions betveen these prrolysis gmseous products and the .-
boundary layer species i{n mind, the choice of wvhich components are representstive or most significant

becomes largely an art depending on the range of surface teaperstures (Lj. The problem of handling :

consecutive equilibrium surface reactions involves no sore tban writing one combined stoichiometric ax-

pression and the associated effective equilibrium constant. On the other hand, simultaneocus squilidrius

surface reactions momentarily appearing as primary, secondary and ter.iary ip some order, only to have

their roles reversed or permuted as the temperature changes, presents the only real challenge for choice

of original pyrolysis components. This certainly vould seem to preclude the four component mcdal from {
eveL representing the ablation of phenolic nylon wuch less the general ablater. ‘

Hovever, knovliedge of the thermochemical properties of materials such as teflon or carbon and
the graphites and thtir respective ablation retsvior, in such veritable detail permits specialized
handling. This greatly simplifies the ablation equations jurther facilitating ipclusion of more detailed
chemistry (39). Por instance, carbon (graphite) can form the folloving ablation products limited in the
oxidation and sublimation regimes: (4, kO, 41,6 42) c, cz, c3, Cus CS' cc, CO . :l‘ and C2le. ror qusrtt

the chemistry (s much simpler as the only reaction requiring consideration is (24),

]
%
)
] T
4
3



http://depc.lt

t
E
»

e ——

S ———

1k
810,(t) * sioedo
2k . 2%

vhere (L) desotes liquid.
i Interneciate steps can include:

5102(!.) 810

810, . S+
i 502

2 -
- 1
810, & lv3%
Por graphite whers the surfece réactions and henze ablation is reaction rate limited tre
followving hetarogenous completion reacticns are rerresentative, aamely:

c{s)+0 = cO
Simultaneocus completion
1 (reaction rate limited)
C(s) + 30, co

The mass fl'ix of C (s) leaving the surface by interaction with O and 0? being represented by

the combii ‘4 rate lav and Arrhenius exp-ession:

m

: 0, R "B 0, L
m. = const P VBl 1wl e (22)
& g ¥y P %
o] 02 W

Similarly for teflon vhose ablation and surface erosion occurs at the surface, the folloving
rate dependent formation of the teflon monomer and a subsequent oxidation reactiom can be expressed

as (43).

(CE’?M)"“) e H(CFZ)EHJ & NlL‘F‘z}z'.gI i 2.‘I(CF‘2H3)

K10 (23)

-
(cr)g) ¢+ 0 COF,

(with arrows in both directions for diffusion limited and forward direction only for rate limited
resctions).

The basic sdvantege of considering the teflon, ouartz, and carbon models separately from the
geveralized model lies in the feature of having to consider only indepth trensient heat conduction
{nternaily. AlJl reactions are confined to the surface area.

The silicone elastomers conversely pursue the opposite route. Ablatior oceurs primarily
through the indepth decomposition mechanisas with relstively sparse surface erosion reactions. The porous
s{lica char produced provides s highly insulative layer that primarily reradistec energy back to the
environmentsl flov field (Lk). The basic indepth reactions conaist of unzipping of the highly cross-
1inked bonds of the elastomer with the release of a fev basic pyrolysis gases such as vater vapor, carbon
sonoxide and methone (7). A highly pcrous silica char, 5102 may reduce to silica carbide and carbon

monoxide later capable of entering into resction vith the boundary layer constituents and forming the
dioxide again (T, L5, 46).

The silica-resin composites present the coabined complexities of the silicone elastomeric
indepth reactions with the phenolic-nylon's phenolic resir. decomposition (L6) and quartz's surface
reaction charscter.stice (2k).

The carbon-graphite resin composites essentially proceed with the same or comparsble indepth
resctioa kipetics ss the phenclic nylon model vith char ercosion surface resctions similar to the pure
graphite model (39, LT).

2.7 Btroogly Rediating Shock Layers

At entry velocities sbove 45,C00 fps, stagnstion point heating can be primarily cesused by
strong stomic line and conptinuum redistion. Under these conditions, ablatirn rates result in mass fluxes
from the hest shield on the order of 20 percent of the air flux through the shock (4B, 49). Classically,
such conditions resul® in "blown-off" shock layers with the convective hesting reduced many orders of
magnitude below the value that vou!d occur vithout blowing.

Since most of the coupling redistion occurs in the ultraviolet spectrum, ablatjon-products in-
jection vill not offer any significent slteration of these phenom na, slthough they vill be somevhat
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accentuated. Thess conclusions weve borne out by Coleman, Lefferdo, Hearnc, and Vojvodich (LB) where
radiative coupling to ablating heat shields were studled; reductions in radiative heating from sblation-
products in'sction for the cases considered hy Rigdon, Dirling, and Thomas (b9) reach 30 psrcent.

The recent decresse in emphasis on msaned entry missions at velocities {n excess of 36,000 fps
have vitoessed a corrssponding decrease in the attempts to further understand snd snalyticelly model the

phencaena.
3,0 SYNERGISTIC ABLATION MECHAKISMS

It 13 krnown that scme ablation materisls under certain external nr internal high pressure coc-
ditions may either experience mechanical spallation of the surface material strats or other “ajlures
resulting in mechanical removal of material. The mechanisms or fallure criteria for such ablation pro-
cesses have boen studied, (27, 3T) criteria assumed and postulated, and their results incorporated in the
thermal ablation models. Although these materials have been studied analytically with some vigir, recently
developed hign pressure test facilitles have revesled s large deficiency in analytical predictions of the
obse.ved mass-lods data. As a congequence, analysts have resorted to eapirical and semi-empirical
correlations of the test data with rather gueationabie results vhen extrapolated to actual fiight environ-

mants.

Understandably, empirical correlations of test dats are at best provisional; littie insight
into the actual mechsniary ope-ative during the ablation processes is gained (50, 51). <Conversely, rather
sophisticated analyses of the thermuchemical erosion of a variety of carbon-based materials has evolved
(3, 52, 53). Development of these analyses las been closely followed Yy a number nf papers dealing with
various aspscts of the thermomechanical ablation groblem {37, 27. 35) and are specialized to the oarticular
aaterial unaer study. The composite of these analyses has falled to provide repetitive ccrrelation of the
test data -- obviating their generality. It is now evident that a large number of dis:inlines are reguired
to effectively approach the anslytical description of even what previously vas described as homogeneous

naterials; e.g., grachite.
Oraphite response mechaniszs will be used here as & typical example. Analogous response would

occur in some otner materials.

i.1 Environmental-Ablation Interaction

3.1.1 1Typicsl Nose Tip Interaction

The definiticn of material response that is required to account appropriately for the inter-
action of the locs) aerodynamic envircnment st the exposed material surface and for the resulting indepth
phenomena i complex. To 1llustrate this penavior in an appiled situation, & nmoce RiT .3 enalyzed for a
ballistic entry flight case perturbing first the extent of mechanical srosion and then transition

eriteria. The results are vrecented in Figure 2.
The results of the sensitivity analysis for the cases examined are:

Case 1. The basis for the nose shape change results in this flight simulation case is a sil :ous
nose tip material. A nominal transition criterion neglectirg ~oughnets and bloving
was employed to dstermine trsnsition to tuibulent neating. Mechanicel :rosion vas
deduced from grousd test dsts repert in (SL),

Case 2. This case shovs the sensitivity of mechanical erosion effects on nose shape change {s5)
and recession. The case 1s identical to Case 1 vith the exception that the mechanical
correlation uti{lized vas for a factor of 3 increase greater in recession over that
employed vith the silaceous saterial in Ca3e 1 at & stagnation pressure of 100 stm,

Case 3. This case retains all assunptions of mechanical erosion for the silacecus material
used in Case 2. The cnly exception is trat laminar flow in assumed to persist
throughout t'e reentry flight.

Case . This case employs the same material assumptions as Cases 2 and 3, with the exception that

turbulent flov is presumed to exist fram the start of reentry throdghout the flight period.

The all-turbulent run indicated here simulated a fully turbulent stagnsticn point through-
out the flight.

In summary, the results reflected in Figura 2 show large changes in spatial and temporal pose
shape configurstions due to the thermcmechanical ercsion sssumptionps. Extremes in all-laminar and sll-
turbulent boundary flov produce significan. effects upon both the final shape and total tip recession.
When using the saze rechanical erosion correlation, the nominal transition criteria naturally lie between
thess tvo sxtremes snd sre more closely represented by an sll-turbulent layer. The significance of
mechanicel erosion and flow field asoumptions are clearly evidenzed vy this {llustrative case.
of this paper, primary attention is focused on mechanical ercsion and the reletively new approaches used
to analyze ard gain insight into the mechanisms promoting this erosion.

3.1.2 Afterbody Response

Recently differential sblation patterns have beer observed on afterbody surfaces. Previously,
intriguing ablation patterns on seteorites and tektites had been noted and studied [e.g., References 56,
57, 53). Later, attention vas focused on tross-hatching and related roll torques by the advent of small

For purposes
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hypervelocity vehicles and their erratic roll bebavior. Larssn and Mateer noted the development of cross-
hatohing oo camphor models into a pattern resmmbling that obasrved on many meteorites (59). Canning.
Wilkins and Teuder have reported oo turbulent wedges, streamsise grooves, and cross-hatzhed patterns frca
%;usruszxuu range anl wind-tunnel tests and proposed a phyeical flov model to explain these patteras

. * .

Laganelli and Nestler have reported the results of tests iz the Malta rocket exhaust facility
and the Langley 8-ft structures tunnel on a vide variety of materials, ranging from wood to carbon
phenolic (63). Particular emphasis vas placed on char-forming materials,

¥illiems (64 (Figure 3) obtained cross-hatching in a nypersonic wind-tunnel on several lov
temperature ablators, moatly subliming cemphor and Korotherm. He showed the scele of cross-hatching
decreasing vith increasing pressure for casmphor and the pattern of melting vaporicing naphthalens to be
similer to that of subliming camphor. A unique feature of these tests vas the direct measurement of roll
torques during the ablation procsss. Later teste (65) extended this work to a more realistic simulation
of the reentry vehicle flight regime and geomatry. B8imilar results vere obtained in camphor and vax by
Stock and Ginoux (66). McDevitt (67) invwatigated the coupling betvean roll dynamics and ablation patterns
by testing spinning Korothers and ammonium chloride models in s hyperacnic wind tungel.

Figure 3, Cross-hatching co A 20° Camphor Cone st Mach 6
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Yarious snelyses have besh made to wxplain the phenomencn of cross=hatching| oaly s fev can be
meaticoed here. Tovak (68) suggested vortices as the origin of cress=hatehicg. Bachtsbeim {69) believes
a thia 1iquid leysr is essential, Probetein, Oold end Beullen (T0) belisve that cross=batohiag ccours
becauss of & rescoance betwesn boundary layer disturbances and a suitedle inelastic deformable surface.

Iz ep iavestigation oOf the pressure aod temperature ddetridbutions over & tvo-dimrensicnal nooablating vavy
vall, Willisms and Inger (71) have theoretically proved and experimsatally confirmed & vall temperature
phaaing corresbondence to boundary layer pressure disturbances. Wi{lliaxs sad Inger (71) slso report that
a pre-croas-hatched nomablating model confirmed cross-hatching experience by indicating higher heat trads=-
fer to the valluye than to the ridges| this is diametrically opposed to normal superscnic heat transfer
experience vhich shows peak heating om protuberances.

3.2 graphite Brosicg Mechapism

It has besn observed bty e number of investigators (T2, T3, Th), that under certain pressure-
temperaturs environments bulk polycrystalline graphite undergoes loss of solid material of minute guantity
eharssteristic of the constituent sise of the materisl componsnts. In o closer exsainatiocn of the type of
behavior that oceurs vhea graphites are subjectad to high-temperature environments, a croas section of a
tested specimen is shown in Figure k. The figure reflects aa indepth degradation of materisl, shoving a
rether open irregular structure proceeding into the material aud the appearance of an interface shoving s
less porous structure vith increased material mass, A viev of the surface demcastrates large differences
ipn material structure and prefersntisl loss of material revealing irregulsr rectangular appearing
particles.

CRORS BECTION BURFACE

Pigure b, Eigh Terperature Exposed Cross Secticn and Surface Photomicrograpb of Graphite (ATI=S)

Some perapective can be focused on the results of the ablated psttern illustrated in
Pigure k. Oraphite, by its very nature, is an inhomogenecus pa“trial cosposite corsisting of filler
particles and bdinder structure vith a high degree of porosity. The differeatial nature of the capstituent
paterials used in fabrication of the graphite is believed to result in preferential erceion giving rise te
s irregular, roughened surface that interacts closely to the environment st tbe heated surfece of the
saterial, This interaction involves a complex association of the local environment and the material
bebavior.

3.2.1 Physicsl Charscteristics

An understanding of the microstructure of graphite requires some knovledge of the processes by
vhich graphite is formed. The commercial graphites used {n ssrospace applications can be descrided as
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syathetic or mmufestured, Thess bulk graphites are msaufasctured bty mixing an ergsais binder, ususlly
& coal tar piteh, with carocom filler particles and molding or extruding the mixturs to form & "zreen”
Billet, The binder is then cartonised by heating to temperatures oo the order of 1300°F, folliowed by
further heating 0 temperstures up to 5400°F, to preduce & more ordersd microstrusture., The filler
material may be asny particulate griphite or carbem, such s naturel graphite, carbom blasek, coke, ste.
For scomomic reascos, filler material is most commonly made from the coked residue of the petrolsun
refiaing process. The coke wase is crushed end growmd to eliminate groes parceity, and screened into
camtrolled particle sizea, Because of unavoidable intercrratalline micropores, the particles retain .
alaisum poroaity of 5 to & percent (Y5), resulting in epparent densities of about 2.0 to 2.2 gm/cc,

Figure 5 provides a schematic of the proposed dulk graphite arrangesent after graphitisatiom
(the doscripiion given here abets the excellent discussion of graphite by Rley (76]). The filler
particles appear as & arrey of loocesly packed irregular-shaped coke slements cemented together by the
carbonised binder, The ratic of binder-to-filler weight may be varjed over vide limits, vith normal
practice being between £0 to 40 percent. In the baking cycle (1500°F) the pitch binder {s pyrolysed,
losing about 0 to 50 percent of its initisl.weight, During the baking cycle, and upan subsequant graphi-
tisstics, the binder shrinka. Since shrinkage 1s constrained by the filler particles, the volume nominally
occupied by the binder has a large void ccotsut. The resultiug macropores in the bdipder allow for sasy
passege of evolved geses through the binder matrix and acvount for the relatively high poreeity of bulk
grsphite, Bach filler particle is beld in the resulting matrix by = petvork of binder bridges occesicmally
interrypted by interconnented sacropores. The macropors dismeter varies, but is about the same as the
diameter of the filler particles. A line of {ptercomnected macropores may propagate & sechemical failure
eince this {e the path of minimum cross section. The microstructure evidenced in Figure § srposes the
beterogenscus qualities of graphite in detail. Filler particles consist of closely packed crystallitca
and {ntercryatalline micropores., Significantly, the crys*allites are rot completely ordered; the binder
erystallites are even less ordered, vhich sccounts for the minimal snisotropy exhibited ip the thermo-
paysical properties of bulk graphite.

MACROPORES
FILLER PARTICLE

FILLER COKE CRYSTALLITES

MACROPORE

FILLER COKE PARTICLE —= —

Figure 5. Gchamatic of Graphite Microstructure

2,2.2 FPreferential Erosion

Rather extensive investigatiocs of the preferentisl er sion aspects of graphite have occurred
in recept literature. Kaahs end Schryer (72) cbserved loas of particle solid of graphite nose t!p
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materials i» mmvircomsats typified by model stagnation pressures of & to 5 ata stagnaticn pressure. More §
receatly, Luadell (7)) photographically shevad Proof of loss of particulite solid graphits in model stag-

natics pressures o) lov ms . ata, These cbeservations have not been cosfined to air arc testing alone, as

Svidenced by the observation of Whittaker (74) who obaerved particulate rolid lose apd experimeatally

trapped the evolved sclid mass,

Recant exparimsatal and saalytical interpretations of the preferential erceloce of graphitic
materials have been offersd by Kratsch (77) and NeVey (78), Both sddressed the high Presiure performance
of graphite where large deviations in thermochemicsl ablation calculation were noted, Typicel experimental
«vidence of the departurs fros thermochemical erosion given in (77) ie shown in Figure 6. Denman (19)
revieved tae graphite ablation problen from an snvironmental Wpproach, calculsting shape change and reces-
sicn rates for apooth and roughened walls. It suffices %o state that the composite of these analyses

Temain semiempirical and provide little insight into the relstion of the obmerved erosion to the material
composition.

Behavior of the graghite shown in Figure & demonstrates a complex interaction of materialr
camposition and local sero@ynemic savircament. To identify the materiag quentities that have an important
vole in the ablation performance Tequires s aystematic approach to {solation of individual ercsiom
mechanisms. The approach adopted to slucidate ercsion mechanisms for graphite materiale ia tchematically

Tepresentad in Figure 7. The figure represents the compositicoal structure of graphite vhen subjected to
bypertharsal reentry sevironments,
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In air envirccments, the boundary layer constituents chemically react vith the carbon structure resulting
iz thermochemical erosion by oxidation and sublimstion of the carbon structure. The porosity inherent in
graphite affords a means of subsurface chemical erosion to cceur. These effects enccmpass subsurface
oxidation and sublimation that are closely related to the material’s macro and microporosity, FPorosity
alone is not cmfined to that open to attack by the boundary layer constituents but includes closed pores
vhich may, at sufficiently elevated temperatures, act as miniature pressure vessels as sublimation occurs
vithin the enclosed internmal pore surface area,

Consequently, the differential microstructure between filler particles and binder materiaml
holding the particles, through a labyrinth of binder walls connected and interlaced throughout the pores
may have significant effect on the micromechanical erosion observed by graphitic materials, The prefer-
ential remcval of either binder or filler “article material leads to a differential recsassion rate causing
an irregular surface, promoting surface ro:ghness and incressed heat transfer. Material protruding sbout
an ssrodynamic surfach is subject to serodynamic shear and pressure forces vhich, depending on the material
strength, extent of exposure, and bonding, may be sufficient to erode solid from the surface. If the
material pore structure is small and rcnstricted, a prersure differential may exist ucross the materisl
causing local failure of the partially eroded material.

To quantize material composition and variables which may be significant in i{selating individual
erosicn mechaniszs contributing to the total performance of graphite, necessitates an spproach which first
dissociates materiul variables interactions from the applied environment. With the material quantities
characterized, such as binder content, filler particle size and distribution, pore distribution and shape,
etc., concise statements can be made about the material variables influences in aerodynamic environments.
These material variahles can then be related to the cbserved erosion occurring and developmental goals
for improved graphitic materials stated,

3.2., Burface Roughness Effect on Heat Transfer

The material characteristics are though to directly influence heat transfer to the material
ablating surface. Surface roughness elements can ocr.r from material impurities and preferential erosion;
or they can be ipherent in the material finish, even whcn highly polished. The effects of surface rough-
ness on heat transfer have been treated by numerous investigators (80 through 93) with varying objectives.
The bulk of the reported studies have been concerned either with singular roughness elements (both two-
and three-dinensicnal) on symmetrical bodies or with roughness elements on flat plates. The utility of
these data in a high-pressure environment, and mas related to heat transfer, has yet to be determined.

The data of Bertram, et al. (91, 92, and 93) would appear to be useful in that the effects of the
sinusoidal variation can be directly relatel to some of the irregularities existing on asraphite materials,
More recently, Welsh (9L4) and Akin and Marvin (95) hLave investigated the effects of surface roughness

on spherical gecmetries in representative high-pressure environments. Reference 05 prescnte results
obtained in & combustion-driven shock tube, These results show an anomalous behavior of tue convective
heat transfer in that the data deviate from the laminar theoretical predictions, increcsing directly with
increasing stegnation pressire (Figure 8). The deviation from theory is as high as 60 percent. It has
been postulated that this deviation is due to the flow being in a transitional stete (from laminar to

turbulent).
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Summation of the date presented in refereances BU through 95 does not provide sny ineisht
into the mechesisme vhich Froduce the roughness slements, Knovledge of the materisl procesras, grain
sise distribution, tmpurity content, ete., coupled with a reliable and detailed theoretieal ahlatien
model, could provide thia insignt. In additiea, proper charncterisation of the material cometituents,
eoupled with o eystematic definiticn of the degree ¢ roughness required to produce turbuleacs, could
Tesult io the tailoring of materials so that laainer flov vould predominate throughout the trajectory.

3.3 QOrapdite Microstructure Characterization

Considering the complex material-environmental interaction postulated in section 3.2, a nev
md dynsmic approach to analyiing the ablaticn performancs of hetercgeneous materiels 1s in progress.
This approach embodies characterizing the material microstructural quantities and emplaying the results

to evaluate individual ercsion mechanisms and figally their combined effect on high pressure sblation
phenomena,

This section summarlzes several of the salient features of t'is approach and {llustrates the
mthodology eaplayed by Presentation of typical charscteritation results, The illustrations are centered
tround the varicus material variables vhich BAy be of consequence in the total ablation behavior of
graphite. The spalysis techniques necessary to ensure a self-consistent set of characterisation paramsters
are addrwssed and exampler cited vhich typify their application to interpretation of the erosion betavier
of graphite. The dava presented are not intended to represent a complete analysis vhich i still in the

davelopment atage, “ut to indicste the Bany fezets of this nev and unique approach te usderstanding and
analysiog the sblation behavior of complex materials.

3.3.1 Mlero- Macroporosit:

Porosity of graphitic asterisls may pley an inportant role in deternining thermochemical and
thermomechanical erosion. Copaiderable effort to develop reliabie methods of characteriting the porceity
of sercspace-grade graghites is rejuired, Thia effort is complicated because of the vide site range of
Peres that may occur 4o » single material. In pParticuiar, ctve types of porosity are apparent, The first
type ariser from stacking disorder in the flour during “he graphitizition process. These ctackipg
disorders produce voids vhich may be only partia'ly filled by binder matarial. The Tesulting macropores
are of the same order of site as the filler particles. Additionally, microporraity interlaced throughout
the binder material is introduced during graphititction because of the formatiorn of shrinkage cracks ani
local separation {debomding) of the binder from f{ller particies, i3 porosity im craracterited by
pores in the submicron site range.

An approxicate messure of the dintribution of pore volume a8 a function of pore radius zan be
obtained from porosimeiry measurements. In these measurenents the graphitic sas;le i iimersed In a
Bercury tath and hydrostatic pressure varied. An effective radius for the penetrating mercury can be
determined and the chasge {n apparcut volume of the mercury bath mcasured. The rsdius determined is only
& qualitative measure of pore radius since photomicrographs shov that pores are generally of a relatively

large voluse accessible through a smaller ofening, A typical porosimetry messurement of ATJ graphite i
shown ip Figure 9,

For coarso grain graphitic zaterials the accessible volune distribtutions are characterized by
tvo peaks, The first peak occurs at very small pore radius (lems tian 0.5 micron) end is indicative of the
finy micropores connecting larger Eecropores. The macropore distribution éenerally peak? at from 2 to €
microns msesn pore radius, The BACropore pesk can be virtually eliminated ty either izpregnation of the
material or by usiog finer filler particles in the mix.

3.3.2 Filler Particles

The flour or filler particles used in the mapufacture of serospacesgrade graphite are important
in the mechanical erceion mcdel for graphite., It has been postulated that mechanical ercsion ¢f graphite
occurs becsuse of direct mechanical removal of filler particles from .he oxidized and sublimed surface,
Analyses relating this procens to aerotnercal envircnment have general.y assumed that the filler particles
can be characterized by a mingle mean size (78, 26); hovever, it {» nore likely that prefersntial removal
of either the large or spall particles in response to the applied presaure and Pressure mradient is
strong funetien of particle site and perhaps shape. Hence, the distridbutich of particle sizes (Figure 1n)

may be & criticslly important factor governing the mechanical erosior of graphite in kigh presaure
environments,

Filler particle size distritution, n(dp) denctes the number density of probability of cccur-ence

of & specific size filler perticle, A typical curve for a fine-grain graphite iy presented in Figure 11,

- For tots particulaer rraphite the cdistribution is nearly normal, Hovever, larse acepariures fro~ Caussian

disLi.tu"!one may te expected for coarser-grain filler particles. The mean particle diameier, dp , and

©
varisace, ci. can be obtained from these data fro= tne following equatiors;

4 = (d ) dda (24)
Pq I"p p° %p
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Figure 11, Number Density of Piller Particles

The mean projested ares, A’ » and volums, 'a'p o Of & flller particle oan slan be ottained from
(] (]
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¥ aumber of particles per gria

op " filler particle density

a = partiole projected ares per gram

These proparties must be messured prior Lo the binder-filler mixing process. Attespts have
been made to use the shape facter as defined above in & relstiocn of the form

Asscet (31)

where s and ¢ are constants to determine the filler particle packing density that could be achieved in

s dry state (that is, unmized vith dinder), It sppears clear that no such simple relation exists to deter-
nine the poroeity of the graphitic matarisls cansidered for sarcepsce spplication. In particulasr, sddi-
tiomal parsmeters entering into an expresaion for ¢ vould {nclude the binder mass rutio, the variance of
the filler particle site distribution, and the grephitisetion tempersture, Other than through {nflusncing
the porosity of the graphitio material, it is clear at this time that the shape factor is an important

influence oo erosicn mechanisme,

%.3.3 Miglar Propersies

The prisary bdinder properties of interest for ssrothermal erosion predictions are binder
bridgs thicknses and density. Neither of these properties cen be messured directly, hense anslyses have
been developed to predict these properties from svailable characterisation data, BSome asbiguity usually

exists in the dafipition of thase quantities,

The binder bridge thickness is &b important parameter in deternining srosion rate due to
sublimating and/or oxidetion of binder material immediately balov the surface, This can be defined as
the man thiockness of binder materisl surrounding filler particles, masropores, and micropores, In keeping
vith the wodsl of largs macropores rasched by small operings (micropores) both the filler particles and
sagropored are nodeled as spberes of waan volums Vp and Vv , Tespectively, cbtained from the respective

° ]
districution functions. The miocroporss are modeled & oylindricel tunnels of mean radius T The
o

{nagoessible vuid volume is inoluded in the sscessible maoropore volume, For this model the mean bridge
thickness, t, ., {9 given by
e

(32)

. - K’
v, .El- _i"“".)(‘-‘l °] *3:! 71-?;
4 "l.icm° Fasaro oy w

(=)

-}

vhare

-}
a'-l ,3 T2 (13)
e = -
k) 5

and p is the spparent density of the graphitio material, °s'" the oinder material decsity, and ‘-uro is
the fruetion nf bulk volume oonsisting of sisropores.

The variation io mesn binder bridge “hickness is snovo io Figure i for edviial Valuds el
the binder mass fraction, , typioal of variour graphites, Bignificently, the sean dinder bridge
thickness is quite thiny evin a ssall degradation in this thickness by oxldation/sublimation may free the
othervise constrained particles resulting {n their being sasily dislodged from the materis) surface by

serodynanic furses,
3.3.4 Qurfege Regieo MATOstreds

The influence of strasees on the thermomachaniosl erosion omn be considered from both the
asoromechanical and micromechanical point nf viav, Tha results of siress analyses can be used to establish
the msaro= or micro=failure of the material and relste it to the chemicsl and mechanical erosion.

In sddition to the porosity which is presented in the material initially, additional surface
and dubsurface porosity say oocur. At or nesr the surface the interusl microstructurs chenges drastically
with time, tempersture, and environsent. Correspondingly any changes in the paterial properties at or
near the surfsce alac affect the macrostresses) not only the surfece stresses but also the stresses vithin

the bedy iteself,

'The magnitude of porosity can ba estimated by the mass and hest balance ralation. To s count
for porosity, the materiasl properties rsed for esch element in a finite alement azalysi{s can be properly
sedified, Weil-Hashin (97) suggested the folloving modification:
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%° "X +-E P (3%)

vhere
(1+ %)(13 = 15v )
k, = {36)
3 -
2(L = 5v )
k, = (37)
2 g

aad lo. G, V_are the properties for dense material, E and 0 are the properties of the porous Baterial
wd p°ls fhe Soro-uy. For Vo = 0.2, k = "2 = 1 becomss a good approximation,
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Figure 12, variatiom of Binder Bridge Thickness

In sddition to affecting the mechanical properties, porosity also influences the sgrength
properties, As the porosity incresses, the strength decresses, Some experimental results oo the strength
reductior dus to veight loss (csusea by incresssd rorosity) of an ANL graphite are shown in Figure 13 (98).
This strength reduction is predictadble theoretically by the folloving equation (99);

" 5 k, 2/3
g = 1l - -———-._ o

P n(1l - k)

vhere l' is thes volume fraction of ypores, K 18 the volume fraction of inclusions, (1 - ¥ » k') is the
volume frection or bioder, 0 is the etrength of soclid materiel (hv = 0), and ap {s the strength of porous

material, Sows typical theoretical results on the effect of k. and ¥ on 0, are shown in Figure 14,

Although it 1s imporsible to correlste rosults given in Figures 13 and 1L due to the fact that
reference 98 4id not give the inclusion content, it {a quite obvious that the theory and experiment shov




the jame trends—s mparked reductiom in stremgth due to porosity.
paysical properties entering in the macrostress snalysis,
possible to predict surfece macrostresses and macro-failure as affected by the varying pore contest which

is & function of time and temperature,
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STRENGTH REDUCTION DUE TO POROSITY (o /o)
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The results may be used to correct the
With the above {nformation available, it ig
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Figure 13. Change in Transverse Strength of ANL Graphite with Weight
Loss Caused by Oxidation in Div Adr (98)
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335 Smergietic Effecws

The erosico behavior of graphitic materials entaile an assessment of the competing chemiocal
ed mechanical mechanlsms of graphite ercsion and their synergistic effects. The preceding has illustrated
several of the phencmena of consequence in th- analytical performsnce dascription; it resains to forwulate
snd experimsntally verify the complete snalytical model. At this stage, it {8 clear that a more thorough
approach is necessary in analytical modeling of hetergenecus materimls. The benefit is tvofold; s
rigorous ablation analysis vhich includes the material microstructural characteristics results snd a
realistic insight to the material characteristics vhich contribute to the observed ablation dats is
obtained enabling material formulations to be made, aimed at reducing or allevisting tte enhanced erosion.

3.4 Orsphite Thermochemizal Erosion

Thermochemical erosion of graphitic materials, both in the lsborstory and in “round test
fecilities, bas been the subject of some consicerable study for the past decade. At present, an incomplete
wderstanding exists of the dstailed effects of material structure om oxidation and sublimation. It is
knovn, bovever, that the surface reactivity of the materisal is important in determining oxidation rates
in tbe kinetic=controlled regima.

Beveral studies saoving the effect of graphite solid structure on oxidaticn kinetics bave
been accomplished. For the most part, results are incomplete because the investigators have failed to
include all pcesible influences on their experiments ip a controlled mannor. Por example, both the
c.lentation and size of grapiite crystallites have been neglected in performing reduction of oxidation
data.

The diffusion controlled oxidation erosion of graphitic meterials in hyperthermal enviroaments
is relstively well established. The oxidatiom kinetic regims has been formulated by several investigators
vith various degrecs of scphistication. The vork by Welsh and Chung (100), Hearne et al, (1C1), snd
Scale (52) provides results reflecting state of the art determination of the resction rate regime descrip-
tion for graphitic materials. The diffusion controlled oxidation regime and transitiom to this regise has
beean described emplaying both equal and unequal aiffusion coefficients, utilizing similar boundary layer
assumptions of Lees, the approximations of Scala and, more recently, the unequal diffusion coefficient
spproximaticn by Kerdall (38), It -emains thet significent differences existing betveen the several sets
of sclutions, when using identical thermodynamic properties, have yet to be demcostrated,

The high-temperature tbermochemical erosion regime of graphite is less vell understood becsuse
of the limitation in obtaining the nigh temperatures required and associated tesperature nessurement
errore. Effecte of importance are vapor pressure of the carbon species evolved, the possibility of
departure from phase equilibrium, incomplete definition of the experiments in terms of such comsiderations
as reaction times, etc. The question arises, hovever, as to the total effect of tne idealizations that
Are made presently on the chcmical erosion of graphite, Conclusively, it can be gaid that ths materiel
structure has a definite effect an the chemical erosion and the importance of its detailed structure
resains undetermined, r

3,41 Vapor Properties

Cousiderable interest and research have besen fc-used on the identification and thermodynemic
charscterization of high=-temperature carbon vepor species, and elucidation of the carbon vapor equaticn
¢f state in the last severs)] years, Up uatil then, the thermodynamic properties of all polyatomic carbon
vapor species larger than »::3 bave been calculated (102, 103, 10L) frem the free energy izcrements of

Pitzer and Clement! (102}, vhich were fitted to yield a triple-point pressure of 100 ata at k200°K (105).
Likevise, the squation of state calculations (103, 10k, 106, 107, 108) heve failed to include the heavier
aclecular veight species C . to C,,, despite evidence of their existence (109, 110) and 1likelihood of

their prominence at high pressures and temperatures. The carbon ring moleculas have also been excludad.

An extensive study of the carbon vapor thermodynamics and thermochemical ablaticn performance
of graphite in high-pressure eavironmemts ves given in reference 77, The results (77) incluiled the
thermodynamic characterization of bigh-temperature carbonevapor species and the elucidation of the carbon-
vapor equation of state. Heats of formation and thermodynamic properties were calculated for both the
linear and mouocyclic polygonal ring cooformations of Cn up to C30 over the temperature raage 107°K to

5,000°%K, The thermodynaaic properties of the linear and cyclic molecules Cy to Cy, vere calculated by

quantum and statistical mechanical techniques. The rescnence energy of each molecule vas carputed from
the electronic vave functiuns by the extended Huckel method of Hoffmann (J11), snd the correspomdiag
vibraticoal frequenciss vere deternmined by s normal coordinste analysis of the molecular structure, The
theoretical procedures employed vers self-consistent and did not resort to the empirical increments
edopted by Pitzer and Clementi (102) and used by others (103, 10k). Figure 15 depicts the logarithms of
the partial pressures of the linear molecules in phase equilibrium with graphite. The plot shows linear
t.‘3 is the most stabla species and linear CS somevhat more stable thun Ch and c6. io agreement wvith

previous mass spectrometric findings (109, 112), It is alsc spparent that the contribution of ring
nolecules is negligible (77), and that larger linear molecules become very important at 4500°¥, and should
be included in calculations performed above LODO°K, In Figure 15, an even-0dd alternation is ev'denced
sbove Cm at LOOO®K; the effact appears to propagate to smaller values of o with incressiog teaperaturs.

Figure 16 reflects the present state of affairs in regard to tola. carbon vapor preseure and
several calculations thet heve been made in the past severa) years. As cbserved, large differences in
Yapor pressure exist in the tempersture range 3000 to L500°K. The calculated total vapor pressure (T7)
is in good agreement vith the experimentally determined sublimation point of Thorn and Winslov (112) and
1ies betveen the recent triple-point temperatures of Schosssov (11L) and Fateeva (115), The calzulated
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thersodynamic properties
stants emplayed iz the elag

are entirely theoretical, and the fundemental cobe
ulation wers utilised to establish the wcertainty in earbon Yapor presgure in

& self-ccosistent maaner. This facet of self-cosalstency ir evslusting the wesrtainty in thermodynanic
rties in cerbom-apecies vaApOT Drespure, {s impcrtent and 1s reflected by the wncertainty {n the free

energies of formation for each specios vith n > 3.

3.h,2 Nags epd Boergy Trepsfef

The governing comservaticn equations to An sblatin
been stated in sectiom 2,2, Their spplicaticn to grephite is
of {-chemical elements vhose surface

Tre olptu pass balamoe of & saterial consisting
recedss at a rate 8 and undergoing loss of solid materisl, L at the surface (Pigure 1) is given by

given by Krstsch ot al. (11)

g body vith interoal gas generatiocn has
applied in this section.

3% e E =0 K =(pv) =0 (38)
gl. ui. rir 1'

ere the mass fluxss of the element i into s control volusa fized at the receding
Mass leaves the coentrol

vhere l‘ E‘ i LR ‘t
The mass flux of the

1
surface oving to an ipterpal ges 8
volime normal to the wall by & net flux of

afer, respectivyly,

gurce and solld paterial tran
loss of solid, m xl .
r

gas, (pv), o end By
w

1“ slement normal to the wall sccruss by R sumaticn of individual flux components conaisting of the

{nternal gas source, surface chamical resctions with the external resctive ghs (voundary layer mad

jnternal gas species) and by direct sublimatioco. Por graphite in an air boundery layer the following

conservation statements are mads at the wall (171

iﬁ + ‘:Eo . ic -1 (39)
o v v
(), =y = o, e (=) (10)
v v A}
(v)y =0 =PY, Ky - (—pgzﬁ’-) (b1)
v o v
( - nnaiﬂ
Dv]u =0 =V, Ky - (—-—-— (u2)
w v

Dy'

lemente at the vall is given bY, €.&., carbon

gradient of tbe {ndividual chemical e

The
WK 1-‘c - '-‘c
(3 A= %)
' L

r to the wall by conduction snd 4i7fusion

s=Semenc¥ Dumber the convective heat transfe

and for unity Levi
Stanton pumber

{s, upan introduction of

2 E3E
L sp u C, (Hy =B )
conv (C ”) e o H (B. v)
] v
lved by introducing Eq.s L0, 43, sad Ll and, after rearrangement, the

Thus, Eq. 38 can be 8o
at the wvall is given by

elemantial mASE fraction of carbom

z K 8 K M
= g C ot. rCr
K ‘o muc, oucC
KC- [ e @ H ¢ o H e e i (45)
v (W)'
10——(:—
Pele'n

r boundary layer

where for graphbite ic an al
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n
TR
R. =0 R, =2
<, Ce
(u6)
x' - 0.763 lc =]
[ ] [ ]
io = 0,232 "'c -1
[ ] r

1he rraction of sclid entering tne cootrol volume vhich is lost at the surface as particulate
solid is defined from Eq. A6

=1 n (L7)

Inspection of Eq, 45 shows that the mass fraction of the element carbon at the wall is deter-
nined sclely by the mass flux of elemental carbom injected at the surface as vapor, reflected by the
difference i rluxes entering and leaving the control volume, Equaticms similar to EQ. U5 for the element
oxygen and nitrogen provide the necessary relations satisfying Eq. 39. A stojchiometric statement then
directly relstes the elemental mass fractions %o the chemical composition of the combustion-sublimation
species at the ablating surface

v, N
=« 542
K z Ky (u8)
J
Sumerical sclutions to the governing equaticns vere given in (77) invoking the chemical

squilibrium constraint. The chemical reaction system included sublimation species for the ring and chain
polecules, and in sddiiicn air speciss, and carton-air resction products listed belov

0 KG co.

2
02 l20 N
L] !02 C2!|2
’2 co Chﬂz

Graphite sublimation rates over & large pressure range ars shown in Figure 17 normalized to
the familar diffusionecontrolled cxidationp rate {np = 0,17k 0.4, CH). In the first several decades of

pressurs the threshold sublimation tesperature increases vith increasing pressure reflecting the carbon-
vapor-pressure diagras shovn in Figure 16, The 10! to 103 atm pressure range is of special interest; the
threshold sublimation temperaturs is compressed due $o sublimation of large quantities of pulyatomic
carbon-vapor species. Thus, the high-pressure sublimstion regime of graphite occurs over a fairly narrow
surface temperaturse range (cirea 7000-8000°R) iu comtrast to Scals's (52) results (7000-10000°R) which
eamit carbon molecules larger thas C.. Upon definition of s eurface-energy balance and the indepth beat
conduction, sublimation rates are dfr-eu: coupled to surface tempecature and pressure and the local
sarodypamic heating.

Energy tranafer to a surface undergoining msterial coosumptica via thermochemical erosionm end
thermomscnanical loss of solid is given by an energy balance, Figure 1. The heat conducted by the solid
svay from the surface reflects the epergy fluxes leaving and eptering the coutrol volume expressed in the
following:

qcuv'ﬁm"ru-(”)vnv"ras'q:md"gug'ilns (L9)
in out

HV-ZKJHJ

J (50)
°
Hy = / Cpat + 83
The sumastion in Eq. 50 is made over all species in the gas st the vall vith concentrations

aafined by the mass-transfor rites and spplication of the equilibrium constant. For the case of Le = 1 the
get heat transfer to the surface may be expressed as (at this time = i3 set equal to serc)
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- .
qcmd n p.u. CH [BS, ¥ (1-!.) s;p_. - (1’3:.) HvJ % qrnd N Cﬂv (51)
io

wheo the usual definition of the mass transfer parameter is made

B'-J——
PeVeCH

Eq. 51, vhen coupled to & standard finite difference golution to the conduction equstion enables
s complete dascription of the surface erosion of graphite {pcluding soild loss. It is observed that the
effect of solid removal on tne surface energy balance is to reduce the net energy tranafer. For exarple,
at a surface temperature of TSOO°R the B"H. terms is sbout 1700 Btu/lb st 100 atm pressure; Eq. 51 i

reduced only by 850 Btu/lb for f. e 0.5, In compsrisee,

products at the sblating surface {s about 400 Btu/lb as shovn in Figure 18, The enthalpy of the gasecus
products (given by EQ. 50) evidences the exothermic CO chemicul reaction product below SO00°R surface
temperaturs, The {ncresss in entbalpy above S000°R is coincident with sublimation; highly endcthermic

carbvon Yapor syecies svolve at the surface.

(52}

the enthalpy of the cmbutten-lubunuon

petailed results of the high-pressure subtlimation regime are shown in Figure 1%. The chemicsl
composition at the ablating graphite surface is given at 100 stm pressure. In sddition to the air-carbon
resction products, @ complex set of sublimation species is evidenced, The triatomic carbon-molecule is
most abundemt; hovever, & large pumber of polyatomic polecules of rather lov copcentration are Seen.
Other than C, the prevalence of any single carbop vapor spacies {s not evident. Although vapor species
naving ring }tructu.'ﬂt wera included in the pumerical computations, the concentratiovns ghown are due only
to linear structured moleculed. Conclusively, the ring molecules cen be safely neglected in performance
anslyses for grapbitic saterisls. Omission of the linear carbon species at high pressures exanined here
may e quite eritical ss affects mass transfer (71).

It is interesting to examine hov the ablated mass of carbam is pmitimed azong the chemical

composition shown ip Pigure 19.
the aiffusiop-controlled oxidston regius vell into
fraction of 0,15 reflects the carbon mass in CO. At about £500°R nitrogen rea~ts

In Figure 20 the elementa) mass fraction of carbon is shown extending from
the sublimation regime, A9 {ndicated, the constant mass
forming the cysno radical
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and cysnogen| cnly & small mase of carbon is ablated bdacause of these reaction products. At sbout the
same ‘esperature (6500°R) comtributions due to cl ta c} occur, increasing the rass fructiocn of ablated

carbon. With increased temperature larger carban vapor species sublime frem the surface appearing first
aa speciss having from & to 10 carbon atoms acd then in apecims having fram 11 to 20 cardo stoms, Tor
the 100-sta pressure ccaditicn shown, 1ittle contribution from vapor species with greater than PO carbom
atoms occurs, Mere elearly then indicated {n Mgure 19, it is appareat that the additive smal)l concen-
trations of the polyatomic sarbon vapor species is quite appreciabdle.
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Figure 20, Partitico of Elementa)l Mess Fraction of Carbom with Surface Temperature

3,4,3 Bensitivity Anslysis

The uncertainrty limits established for the carbon-vepcer species e3 affects mase transfer and
snergy transfer can be assessed employing the conservation equations previously described. Figure 21

the normsslized sublimation rate for several pressures included #20 percemt upcertainty in free energy of

formaticn for the carbom-vapor species, The uncertainty band reflected in Figure 21 is consistent vith
the vapor pressure diagram shown in Figure 16, the bigher pressure evid>nces a greater uwcurtainty band
dus to the greater comcestration of sublimatico species., For scmparative purposes, results calculated by
Scala (52) a=w shovp for m normalized sublimation rate of 4.0, Alsc shovn are results by Doltoo et al.
{10k) st 1 sim pressure, He includes vapor apecien up to c16. employing empirically determined free
suergies forced to fit a presumed 4000°K triple-point tempersture. It is seen that, st 107 atm pressure
snd for ccmetant surface temperature, sublimation rate can be as much as 3 times larger than the nominal
value. The e’fect of uncertainty in thersodynamic properties, diminishes with decreased pressure, oving
to the sma'ler vapor=-pressurs contributicn of the high molecuiar weight vapor products., Corresponding
results shoving the effect of the comb
The camposite of these results ensble an assesement of the
made .

uncertaiaty oo surfsce recession rate to be

The ealculated surface recession rate for a range of environoental conditions studied in
correlation of high-pressure test dats (T1) is ehown in Figure 23, At the highest stagnation enthalpy
shown (10,000 Btu/1b) calculated surfece temparsture is T500°R st 100 atm pressure, The semsitivity of
surface recession, oving to the uncertaioty band o properties, is amail.

both reducticn in stagnsticn enthelpy and press
rate. Even though s large uncertaipty in the thermodynamic proparties of the carbon vapor species vas

{ncluded (resulting in slmost a dscade uncertsloty
i lesa than 10 percent within the

counter-balancing effect of incressed endothermic heat absorption vhen greater quantities of carbom vapor
are evolved at the surface. Thus, ¥

hen URLiDE a self-consistent model for calculsting the vapor spécies

-k omdloar .

ustiop-sublimation products on vell enthalpy, are shovn in Pigure 22.

This sensitivity decreases with
ure, evidenciag the effect shovn in Figure 21 on sublimstion

iy carbonevapor pressure) the sffect on su-face recession
envircomental conditions discussed. This result occurs becsuse of the
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thermodynamic properties vith associmted uncertainty .ivity ea surface recession i= comparable
to the sccuracy for vhich jocal serodynamic heating cu _:ons can be define-,

3.5 GCraphite Nechepical Erosion

This sectiocn presents
to determipation of the fractiom of

the mechud’cal erosicn aspacts of grapxite given io (77) and is devoted
particulate sclid eroded from the recuding surfale in te=a of
environmental expooure conditiocos. To accomplish idectificstion of the thermomechbanical recession com-
ponent from surface ercalon messursments of the test dats, the thermochemical recession data described in
section 3.4 is used, The probable weertainty in therzodynamic data employed oo surfece receddiciu reates vwas
evalusted in a descriptiocn of subliretion rates, Loss of particulata solid at the heated surface is
sddressed in this section a8 affects mass and energy transfes, Correisticn of the experirental dasts in
terms of tharmochemicel erceion enables quantitative identification of the solid fraction eroded.

3,5.1 Abletion Data

AL

Representative graphlte plasma arc sblation dats given irn (TT) 1o presented for completensss.
A typicsl btlock of data ig shovp in Pigure 2k; experimental recession dats are plotted against spperent
stagnstioo eatbalpy. Two sots of data are given as typical, Shown ere data taken ‘n the stagnation
pressure racge of 83.5 to 88,6 stz snd dats gathered betveen 18.6 and 23.1 stm. Esch net of data ves
correlated (TT7) using & least squares curve fit of the data points. Results sipilar to thes= have been
obtained fur uominal ategnatice pressures of 55 and 70 ata. The composite cf the recession data enacles
coostruction of the experimantal recession rate nap shovn in Figure 25. Here experimental rccession rate
{e shovn in terms of stagnaticm pressurc cod stagnation enthalpy. Figure 25 presents the total picture
of the dapendency of the experimental recessiou rate dets upon the envircomsntal comditions, stagnstico
enthalpy, snd pressurs. The date sppear to be linear functicas of pressure and enthalpy.

Constrictic. of the experimeptal recession dats map enables a compariscn of the calculeted
thermochemical recessiom toO the observed experimental recession data. Figure € presented the ratio of
experipental and thermochemical mass fluxes for the test environmenta) spectrum shovn ip Figure 25.
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3.5.0 Rad Practien Mreded

Pigure 26 showe \be departure from thermoshenicsl ‘roeion in more mesningful terms, TFrom
the composite of emperimental date aad numerical results, ineluding solid removal, the frectios of solid
oroded hoo Boen enlouleved and s deploted fu Pigure 26, The threshold stagnatine pressure at vhich logs
of partioulete solid tattistes 10 depmadent oa stagmation enthalpy (reflecting convestive heat rete at
Seastant preseure). 1he resulte shovn are oonsistent with those expected, inereased stagnstion enthalpy
resulte is higher surfase temperatures; hesane, grester subsurfess loss of binder material reducing
bindiag of filler partieles vithia the @Taphite matrix, Inersssing pressure above the threshold value
08uses & large {merense in the solid frastion eroded over 4 fairly marrov presavre raage,

The increment

ia selid ovoded thareafte. Jsoresses as the (il pressure range is covered.

0.6
E v / -
“ 0.4 ~L =
a Hs * 10,000 (BTU/L

6,000

B 0' 3 /
&
= 2,000
3 o2 .
E

0.1

0
0 20 40 60 80 100

STAGNATION PRESSURE (ATM)

Pigure 26, Prastion of Boli4 Kroded Prom Experimental Dets

Complementary results are given in Pigure 27 deploting the predicted surfece temperature as
Affeetad vy loas of volid frow the heated surface, Notevorthy, le the rather ssall decrease Lo surface
Semperatiire for even large frastions of solid eroded. Surfece temperature 1a most affected by solid

loes &t the lov etagnetion onthalpy | the high stagrasion suthalpy somevhat masks the lese 1fficient
removel of saterial In the solid state.

To interpret the results (n Pigure 26 in terms of the contents of this reviev, reference is
made 40 the postulated preferentisl arosion sechanisss previously dlscuswed. Pirst, it was observed that
the affeat of pressure on surfsoe temperature is 8l at the respestive valuse of stagnation enthalpy
(vithin She pressure range covered). Thus, sach value of stagnation enthalpy oan be viewed iy terms of
hear)y constunt surface ‘emperature for the range of solid frastion eroded evidenced in Pigure 26,
Consider then the role of stegnetion pressure, the normal force asting on the heated surfece. As the
durface racedes, filler particles of various sise are oontinuously exposed. Loss of binder belov the
heated surfece snd by direct thermncheaiosal erosion at the surfese tends tc¢ free the othervise constrained
and semavhat interloshed particles. The larger filler particles are then rather tasily bloewn free by
even moderate pressurss, eosmencing vith the higher temperature exposure .snditions (4.e., stagnation
enthalpy) vith {nereassd pressure soting to free the smaller particles. Alec, minute asounts of binder
leave the surfase attached to the dielodgod filler particles. As indlcated in Pigure 26 the effect of
enthalpy (hence, surface temperatire) st the Righer pressures appears to diminish and pressure dominates
the loms nf partioulate sulid. Interestingly, the fraction 3f solld aroded appears to be approschiog sn
ssywptotlc valua in the range 0.6 to 0.A, Bignificantly, the nominal mass frastien of filler particles

(aboud 0.73) falls vithin this rasge. Pinally, the effec’ of aerodymamic shesr snd pressure gradients
trpleal of positions removed frow the stagnation point fs to induoe incressed partiole loss. Thus, one
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Pigure 27. Influence of Bolid Fraction Eroded on Burface Temperaturs

is faced vith loss of particulate graphite over a rsther brosd range of aercdynamic conditions, perhaps
even extending into the relatively soderate super-orbital entiy environment.

3.6 gemgjusicne sad Recommendations

A model incerperating the allotropic features of bulk grapbite bas been postulated and used to
desaribe the vontipuous removal of partioulate graphite from the heated surface. Although hypotheticsal in
its formation, sufficient laboratory dats are sdvanced to establish the creditability of removal of filler
particles in the eclid state. The key role of the different forme of carbon in graphite oo surface erosion
has bean established. Thermodynamia properties of the linear and ¢yclic molecules C3 to Cyp vere calculated
by quantum and etatisticsl mechanical techniques. The resonance energy of each molecule vas computed from
the respeotive electronic wave functions, and the corresponding vidbruti.s frequencies vere detnrmioed by s
norsal soordinate analysis of the mclecular structure, The thecretical procedures are self-consisteat,
resort to the empirical inorements sdopted by Fitzer and Clementi and used by others has bdeen avoided. The
agreement of the caloulated vapor pressurs vith the triple-point and sublimstion data is excellent. By
purely analytical means, the uncertainsy in the free energy of formation has .een established; the effect
on osloulated thersochemical ourface recession wae found to be small. Bigoifieantly, thie result has en-
abled {dentification of the sclid fraction of graphite eroded in high-pressure ground tests vith confidence.

To estsbiish the solid fraction of particulate graphite sroded sblation “sta encompassing
fine to coarse graln graphites have been corralsted. The loss of material in the solid state bas been
determined over a range of environsental conditions ({n terms of stagnation pressure and enthalpy)
evidencing large fractions of solid removal. uLoss of particulate solid initistes at rather lov stagnation
preseuress | the actual thresbold is dependent on heating rete as vell as pressure. The mechanisms by
vhich loss of particulate graphite occcurs appears to be by preferential surface recession and subsurface
loss of binder matrix. Piller particles are then easily dislodged from the surface by even soderate
forees (i.e., pressure, shear). Burprisingly, the loss of solid st the heated surface does not appreciably
depress surface temperatures, even for rathar large fractions of solid loss.

The results presented in this reviev (77) open several interesting avenuss for pursuit.
Clearly, the rols of grephite microstrusture in dictating surface erosion cannot be dismissed. Closely
related to the microstructure of tie binder and filler phases are the thersophysical, mechanicsl, and
chemical properties vhich individually, cr in combination, affect ablation performance. Puture analyses
employing statistical dietributions of particle size, void eize and spacing, and account!ng for the
tesperature-tise course of the rrystallite grovth will be necessary before a completely analyticel per-
formanoce description of graphite can be achieved. Finally, nev graphites overcoming the evident dissimile
obarscteristice of the constituent materials appear to afford a means of reducing or slleviating
preferentisl erosicn, hence, lose of solid saterial.
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k.0 MATEZRIALS BERAVICR AMD TESTING

The importance of materials charscterization in the study of ablaticn phencmens cannot be over
eaphasised. Since most applications require specimlized materials end tince esach enviroment interacts
differently with the ablator, it may be said thet euch ablation thecry is fathered by development of an
improved ablator. It {s desiramble to reviev factors which affect the ablation performance of material,
sensitivity of ablation to various material and environment parsmeters and means of ablation testing.

The materisl classes of iLterest are:
1. Refractories and ceramics
2. Plastics

3. Elastomers

4. Composites.

Energy of decomposition, mass transfer blocking of convective heating, thermal diffusivity,
and surface ablation tewperature are some of the ablation parameters influencing the sblative material
selection. Teble 3 summarizes spplication of ablative materials and the general importance of selection
criteria. The surface ablation temperscures are indicated to be high, moderate, or lov a1 characteristic
of efficient sbiative materials for the application. The heating exposure time strongly influences
insulative requirements.

The folloving paragraphs identify the sensitivity of ablation parsmeters to materisl properties,
environmental effects, and thermostructural considerstions.

4.1 Material Property Effects

Material properties have a broad influence on mass ablation (and surface recession) snd on
thernal insulative efficiency. The therma® insulation requirements are definsd by the temperature vhich
the structure and heat shield bond are capable of vithstanding. Total weight requirements result from
the anticipatod mass loss and insulation demand.

The mass sblation comparisons in Figure 28 show that, although a carbonaecous material is
more susceptible to oxidation, total mass loss is greater for the silice materials. The zajor reason is
that surface sblation temperatures are greater for carboms, thus increasing surfece reradistion and
reducing the convective heating - also t. = 0.9 for carbon base materials and £, = 0.5 for silica base
materials.
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TARLE
ABLATIVE MATERIAL APPLICATIONS AND SELECTION CRITERIA
Heating
Exposure Weight Per Hase Thernal Surfacs
Time Unit Surface Ablation Insulative Ablation Surface
Application (Seconds) Ares hate Properties | Temperature Recession
1. Higb-Performance | 15 to kO
Conical Resntry
Yehicles
(w/e A > 1500
ot per):
a. Bosecap Unimportant Lesse Unimportant High Important
Iaportant
b. Conical Important Important Importent High Lass
Bection Important
0. Aft Cover Important Unimportant | Iaportant Lov to Unimportant
Moderate
2. Llov-Ballistic 20 to 100
Cosfficient
Reeantry Vehicles
(w/eph < 1500
pst):
a. Hosecap Less Important Less High Important
Isportant Important
b. Other Regicns Isportant Important Important Moderate Unimportant
to High
¢. Aft Cover Important Upimportant | Important Low Unimportant
3. Lov to Inter- 10 to 50
mediate Range
Ballistic
Missiles
a. Nosecap Lass laportant Lass Moderate Less
Important Important to High Ipportant
b. Otaer Regions Important Important Immortant Low to Unimportant
Moderate
c. Aft Cover Important Unimportant | Important Low Unimportant
k, Lifting, 300 to Important Unimportant | Important Moderate Important
Satellite and 2000
Flanetary Entry
5. Launch and 5 to 200 |Important Unimportant | Important Low Unimportant
Booster
Insulstion
o. Rocket Noziles 1to 100
a. Throat Less Unimportant | Less High Important
Important Ieportant
b. Other Regiocos Important Less Importaut Eigh Lass
Important Important
7. Bypersonic Inter- |5 to 100
ceptor Missiles
a. Nosecap and Unimportant Less Less High lmportant
Contrel Pin Izportant Isportant
Leading Edges
b. Control Pins Important Important Important Moderate Unimportant
Forwvard Sur- to High
face Regions
c. Otbar Regicos Important Less Important Low to Unimportant
Important Moderate
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Comparison of Mass Ablation Rates Betwesn Sifica Phenolic and Carbon Phenolic
Pigure 28

Mass ablatisn rates are enhanced by liquid flov ablation, spallation of the char layer, and
sechanical removal of the char laver. Silica base materials are susceptible to liquid flov surface
recession. However, it is only important for nosecap applications and other regions subjected to signi-
ficent pressure and shear gradients. A detrimental characteristic of many charring ablators is lov-char
strength. The spplieation of ablative materials, such as the epoxies and elastomerics, is consequently
restricted to lov-shsar and lov-pressure regions or to vehicles subjected to less severe hes:ing emviron-
ments. Shear or spallation of the char is also an important consideration te high strensth charring
ablators.

Mass ablation may not be critical for scme applications. Ablative material selection is
strongly sensitive to material properties vhich influence thermal insulative performance. A numerical
daseription of the transient heat conducticn relationship indicates the sensitivity to material properties
vith the dominant matscial property being the thermal copductivity since the specific heats for most
sblative materials have nearly identical values.

Heat conducted into the ablative saterial is absorbed by pyrolysis decomposition and by the
mass transfer toward the surfece. The aecreased density due to interpal pyrolysis results in the thermal
condustivity shifting from lov-undecomposed material values to higher values for the char. Ap example of
the influence of high-char thermal conductivity on phenolic-nylon ablation is shovn in Pigure 29. The
thermal conductivity data are from (117). Although surface recession is lov, the buildup of the char
thickness near the end of flight is about 0.5 inch. The char density is about 0.30 times the orizinal
depeity of T2 1blﬂ.3-, consequently, internal mass transfer removed a significant fraction of heat con-
ducted ig et the surface.
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Figure 29. Burface-fecession, Pyrolysis-Depth, and Surface-Temperaturs
HEistories for Fhenolic Nylom Ablatiom

The insulative performance of ablation materials is a strong function of thermal conductivity
&5 seen in the above sxample and (118). The thermal conductivities of several ablation materials are
presented in Pigure 23 as functions of temperature. The experizental correlation for phesolic nylom (117)
is compared with an unpublished correlation derived with a charring sblator computer program which was
used to correlate experimental ablation data. The data shown in Figure 30 are representative of different
classes of sblative materials. Tungsten represects the refractory metals, graphites represent a class of
materials by themselves, boron nitride is a representative refractory ceranic, carbon phenolic is a high-
temperature ana char strength composite, ard phenolic nyloo is representative of the plastic composites.
Purple blencd MOD-5 is coe of a class of materials specifically tajlored to provide lov-therasl conductivity.
Hydrogen gas and air thermal conductivities are shown for comparison purposes.

For applicacions requiring good insulative properties coupled to long heating exposure time,
namely, lifting reentry vehicles, ablative plastic or elastomeric composites have been developed vi{th the
following properties to give improved insulative and ablative performance: (a) surface oxidetion resistance,
(b) lov demsity, (c) lov-cbar density, (d) lov-molecular veight pyrolysis products, (e) fiber reinforcement

for char strength, and (f) spherical voids. Examples of these materials are purple blend MOD-5 and
pasnolic cork.

Pyrolysis decompesition predicted using the Arrhenius rate equation has limited effects on

ablative material performance provided the decosposition temperature is adeguately duplicated, {.e., from
about B00°R to 1500°R.

For materials vhich form thick chars evidence of "eracking" of geseous hydrocarbons har been
found through observed increases in densities of chars near the ablating surface. The effect on the
ablative material char i{s to increase its streogth and st the same tipe to increase the char thermal

conductivity. Cbar layer spallation can result from deposition causing decreases in char permeability
and ipcreases in ioternal pressure.

4.2 Environmental Effects

As indicated above, ablation performance is seositive to enviroomental effects. An increase
in the coovective heating rate usually increases ablation rates. Hovever, if there is, €.8., & proportion-
ate increase in reradiative effects, the increase vill not materialize. An example of this effest is an

ipcrease in heating caused by higher enthalpy. Buch changes in beating increase the ablation efficiency
of the materials (118), and therefore do not increase ablation rates observed.

One effect of boundary layer enthalpy potential on ablation efficiency is {n combustion
Teacticns, vhich cen de accounted for (1i9) by

St ¢ (>3)
i the folloving relsticnship
q, {1+ Ec: - %
o
lov)y = o5 T h T & (54)
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bc * heat in combustion per unit mass of oxyaen
K“ = pags fraction of oxygen at the outer edge of the boundary layer

The termn Ec gives an upper bound on the effect of combustisn by assuming the all oxygen

diffusing tovard the surface reacts with the material vapor. For silica base paterials this is not true
and in a rocket noztle envirommental oxygen may be fixed as carbon monoxide.

In Eq (53] the combustion contribution tx“nc) to heating and to the mass transfer olocking is

independent of the boundary layer enthalpy potential. Consequently, combustion heating reactions are
proportionately less important for high enthalpy potertial hesting environments that reentry vehicles

experience over major portions of their flight. The variation in material elficlency that results vith
an increased enthalpy is shovn in (11%).

Environnentsl pressure and shear forces strongly influence ablation performance for reentry
vehicles and to a lesser extent for throats of rocket notzles. The charring ablators are recognized to
have char strengths considerably lower than the strengtih of the undecomposed materials. Conseouently, those
zaterials vhich form vesk chars are restricted to application in lov pressure and shear environments,
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k.2 Testing

Ablation testing is the method by which the analytical models are verified, many material
properties are determined, and candidate heat shield materials are screened and salected. Because of the
importance of testing in providing preflight design verification and confidence, it is obviously desirable
to perform these tests iu an accurately simuwated if not duplicated flight environment. For many reascns
(primarily facility pover requirements and model miie limitations) this is usually imposmible. and tests
must be run under several types of partial flight simulation. These results can then be evaluated by
means ©f previously proven mathematical ablation models, or by overlappirg the tests in such a vay that s
coherent composite picturs of the important phencmena can be constructed (12).

Ballistic and lifting entry vehicles, designed for various missions, experience a vide range
of entry environments. Tvo convenient parameters for illustrating theswe environmeata, vhich depend on
flight performance rather than on geometry, are total enthalpy and stagnation point pressure. Pigure 3]
is & plot of pressure-enthalpy with overlays of typical entry-vehicle trajectories and maps of approximate
simulation facility performance. Two important conclusions may be immediately reached:

1. Mo ome facility can duplicste a coaplete flight environment, although large portions of
some lirting-body trajectories can be closely approximated.

2. High pressure and high-enthalpy effects cannot be duplicated simultanecusly.

2 :if;f:cl:gg%“mm“ NASA {AFES) 1 INCH PLANE TARY Smw
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Figure 31. Comparison of Flight snd Ablation Test Facility Performance Parameters

For simulation, steady state adlation is usually desired since this condition provides the
fecessary material parameters, evaluation for the analytical models. Por this reason the facilities most
applicable to entry ablation studies are the plassa-arc tunnel and the rocket-poter exhaust, both of vhich
bave operating times ranging from several seconds to several minutes. Pacilities such as the baliistic

range and shock tube are of only slight interest because of their very short test times -- approximately
10 miliiseconds and 100 microseconds, respectively.

Because of simulation difficulties, test conditions must be carefully selected to obtain
meaningful results. Plasma-arc facilities can frequently provide adequate simulation up te entry velocities
of 30,000 ft/sec. The important simulation parameters for most ablation performance and screening tests
are the heat flux ana the enthalpy (121).

Efficlent performance of the glasay ablators depends on the retention of the 1i1uid pelt layer,
80 the serodynamic shear levels of flight should also te duplicated, if possible. The ablation perfo-mance
of charring sblators is koown Lo be reduced under very high pressures or pressure-gradients vhich tend to
mechanically remove the char layer. For flight vehicles which will experience unusually high local
presiures, such as lov-drag ballistic entry vehiclas, it may be pDecessary to simulate the pressure and
shear levels as vell as the beat flux and enthalpy. Hewever, since this amounts to full scale flight

duplication, these conditions must be simulated in separate tests and arpliea with such caution tc the
flight environments.
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At the very high entry velocities which will be experienced in {nterplanetary return missiocas,
the rediant beating from the shock-heated air can be equal to or significantly grester than the zonvective
heating rates. Fizce the efficiency of most ablative materials depends on the heat blockage effect of the
traaspiring gases which vill bave little or mo effect on the radiant heating, ablation performance will be
reduced. Bome plagma-arc facilities are available (122) whieh can superimpose radient heating on the
coovedtive heating, and these must be amployed for performance evaluation of materials to be used ip this
type of environment.

Bacause of the difficulties expsrienced im simulation of flight corditinns {n plasms arc
fazilities and varistions in supposedly similar test conditions from facility to facllity, several "round
robin” test programs (123, 12k, 125, 126) vere conducted to compare the facilities and allov for a more
meaningful comparison of test results. Alsoc, seversl zcmparative material performance teats (126, 127)
for some materials vere conducted in a "round robin" fashion. As & result, better comparisons sre
available. Characteristics of various facilities are alsc given in the above references, as vell as in
(128, 129), and vi)l not be tabulated sgain in this reviev. Due to the pericdic changes in existing
facilities range of performance, emergence of nev facilities, and difficulty in obtaining up-to-date
performance data, such tabulations do not retais permanent value.
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