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INTRODUCTION

The basic objective in designing thermal protection systems is the

provision of sufficient material to protect the vehicle structure and

cargo from the severe heating encountered during entry into a planetary

atmosphere. Conservative designs that may ec_promise the mission objec-

tive should be avoided. Ideally Just enough material to ensure success-

ful entry should be provided. The degree of success that is achieved by

adhering to this philosophy is entirely dependent upon our knowledge of

the entry environment and the manner in which the various materials re-

spond to the environment.

The importance of avoiding excessive heat shield weight can be under-

scored by reference to figure 1 (ref. 1). Of course, the basic problem of

reentry is the dissipation of a vehicle's energy in a controlled and accept-

able fashion. This figure was prepared to qualitatively demonstrate the

influence of thermal protection weight upon the useful payload capability.

The ordinate is energy in Btu/lb and the abscissa is velocity, cover-

ing the range of concern for manned vehicles and planetary probes. The

solid line is the kinetic energy per pound of vehicle which must be
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dissipatedat eachvelocity. Fortunately,mostof theenergyis absorbed
bytheatmospherewhichenvelopstheenteringvehicle.Atmost,onlya
fewpercentof thekineticenergyis transferredto thevehiclein theform
of heat. Thelowercross-hatchedbandrepresentsthetotal heatloadper
poundof vehicle.Theloweredgeof thebandcorrespondsto lessthani
percentandis typicalof theheatloadfor aballistic reentry.The
upperedgeis about3percentof thekineticenergywhichis typicalfor
lifting entryvehicles.Atthehighervelocities,radiativeheattransfer
fromthehotgascapbecomessignificantandincreaseswithvelocity,re-
sultingin largeincreasesin heatload. Thecross-hatchedhorizontal
bandrepresentstheenergyabsorbingcapabilityof thermalprotection
materialsandrangesfrom2,000to 20,000Btu/lh.

Nowif thevehicleheatloadis equalto theheatshieldenergyabsorb-
ingcapability,that is, thetwobandscoincide,thenthevehiclemustbe
constructedentirelyof thermalprotectionmaterialin orderto survivethe
heating.Therefore,thedifferencebetweenthetwobandsindicatesthe
amountof vehicleweightwhichcanbedevotedto functionsotherthan
thermalprotection.Asvelocityincreases,theusefulpayloadcapability
becomessmaller,andthematter of excessive heat shield weight becomes

more critical.

REQUIREMENTS FOR DUPLICATING THE ENTRY ENVIRONMENT

If it were possible to duplicate the reentry environment in ground facil-

ities, the manner in which thermal protection materials respond could be more

precisely determined and better heat shield designs would result. However this

is not generally the ease and usually one must resort to a partial simulatlon_
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Figure2 shows the flight regions of immediate concern in an altitude-

velocity plane (ref. 2). Regions are shown for Apollo, ICBM's, Mercury,

and Dynnsoar. A slight broadening of the Dynasoar band will result in a

region which is typical of hypersonic gliders. Future planetary explor-

ation vehicles will result in a region whose lower bound may he as much as

50,000 feet below the Apollo region near escape velocity, extending off-

scale to the right.

Figures 3, 4, and 5 show some of the wind-tunnel characteristics that

would be required to produce exact flow duplication (ref. 2). First con-

sider the chamber pressure required (fig. 3). Pressure curves have been

superposed on the flight regions shown in figure 2. The technology of

building pressure vessels of the size required by a wind tunnel and pumps

probably provides a pressure limitation s_newhere between 104 and 105 psi.

In any event, the limitation is remotely removed from the point of maximum

heating for Apollo which is about 32,000 fps.

Figure 4 shows the mass flow rate that would be required per square foot

of test section. It can be seen that the required flow rate is not a strong

function of entry velocity but is influenced by the simulated altitude.

The small and moderate flow rate curves pass through the Apollo region. How-

ever, a very substantial flow rate is required for the ICBM region.

Figure 5 shows the heat energy required per square foot of test section

to provide a duplication of enthall_y. It is to be noted that this is the

energy in the air and that the energy supply must be 2 to 3 times as great

because of the losses incurred during transfer to the air. At the higher

altitudes where small and moderate mass flow rates are adequate, the energy

requirment can be met without difficulty. However at the lower altitudes

which require large mass flow rates, the power requirement is prohibitive.
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At theNASALangleyResearchCenterwiththeexistingpowerdistribution
system,it is possibleto drawamaximumof i00megawatts.Assumingabout
50percentefficiency,adevicewithi squarefootof test sectioncould
bepoweredat anenergylevelthatwouldapproximatelycoincidewiththe
lowerboundof theApolloregion.

Exactduplicationof thestagnationflowconditionis outof thequestion,
mainlybecauseof thepressurerequirements.

FACILITIESFORSIMULATINGCONVECTIVEHEATING

Thetypeof facility mostcommonlyusedto evaluatethermalprotection
materialsis thatwhichutilizesanelectricarcfor addingenergyto the
gasstream.Figure6 showsthecapabilitiesof arcfacilities presently
beingused.In this figure,thelimitationsof presentfacilities havebeen
plottedin termsof arcchamberpressureandenthalpy,thetwomostimportant
parametersin anarc-heatedwindtunnel(]ref.3).

Oneof theprincipalfactorsthatlimits thecapabilitiesof present
facilities is theenergylosseswhichresultfromthermalradiationfrom
hot,high-pressuregasesto thewallsof thearcchamber.Thisproblemarea
hasnotyetbeenwellresearched.Perhapsamorefundamentaldifficulty
is the inabilityto sustainanarcin amovinggasstreamat highpressures.

Anotherproblemarearesultsfromthecoolingrequirementsfor the
nozzles.Thedashedline is anestimateof apracticallimitationand
approximatelycorrespondsto nozzleheatingof i0,000Btu/ft2-sec.

Thestringentrequirementsof exactduplicationof high-velocityentry
is indicatedfor thealtituderangeof i00,000to 300,000feetandquite
obviouslywill notbeachievedwithpresent_echniques.If oneis willing
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to relax the Mach number requirement and settle for a partial simulation, the

indicated shaded area results. Even this partial simulation of a low-alti-

tude flight cannot presently be achieved for high-entry-velocity situations.

This point can be made more directly by superposing the exact and

partial simulation capabilities of present facilities on the flight regions

as shown by figure 7. Our attempts to simulate all the quantities of interest

cover only a small portion of the flight regions.

As yet no mention has been made of size and it is pertinent to point out

that certain of the entry effects such as heating rate, aerodynamic shear,

etc., are dependent on the size and geometry of the specimen. Further com-

plications result because the mass flow characteristic of presently available

facilities greatly limits the size of the specimens.

So one is confronted with partial simulation of a few of the entry heat-

ing parameters in a given test, a scaled-down specimen, but generally with

full-scale heat shield materials. It is not possible to model with a differ-

ent material because of the dissimilarity of material response in a given

environment. The heat shield material thickness is generally not scaled

because a given heating environment requires a given thickness regardless of

the specimen size.

The usual technique is to conduct a series of tests in each of which

a few parameters are simulated. Then analysis or other test results are

employed to indicate the degree that the interaction between the parameters

influences material response.

Figure 8 shows the test stream configurations commonly employed for

materials testing with are air heaters (ref. h). Free Jets, which exit to

the atmosphere, are used in both subsonic and supersonic arrangements. The

pressure at the model is atmospheric pressure or greater. The splash
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techniqueis thesimplestandoneof themorecommonlyusedtechniques.The
heatedstreamandthespecimenaresizedsothatthestreamimpingesonthe
specimenratherthanenvelopingit. Thisconditionaffordsasimulationof
stagnation-pointheatingconditions.Someattentionmustbedevotedto
preventingheatflowintothesidesof thespecimenif stagnation-point
heatingis to berealisticallysimulated.Thesplashtechniqueis utilized
in materialscreeningandevaluationprogramsandin instrumentationstudies.

Thearetunnelarrangementis utilizedfor theconsiderationof locat-
ionsotherthanthestagnationpoint. Thestreamis expandedanddischarged
intoanevacuatedplenumchamber.Expansionof thestreamresultsin the
capabilityof envelopingratherlargespecimenswithahotgasstream.The
pressureat thespecimencanbelessthanatmospheric,thussimulatinghigh
altitudes.

Thetechniqueof shroudingthetestmodelis utilizedto producesubsonic
flowaheadof themodel.Withagivenmassflow,moreof thehotgasescan
bebroughtintocontactwiththespecimen.Theresultis thatfor agiven
flowsituationlargerspecimenscanbetested. Thistechniqueis employed

to studytheeffectsof pressuregradientsandotherphenomenaassociated
withtwo-andthree-dimensionalstagnationareas.

Thepipeflowtechniqueconsistsof utilizing thetest specimenin the
formof asimpleor internallycontouredpipethroughwhichthegasstream
flows. Thismethodof testingmaterialshasbeenusedto determinetheeffects
of flowonthetestmaterial.Theshapeof thepipeandtheflowparameters
canbeselectedsothatturbulentflowresults. Thustheinteractionbetween

anablationmaterialandturbulentflowcanbeinvestigated.

|



-vIII-T-

FACILITIES FOR SIMULATING COMBINED RADIATIVE AND CONVECTIVE HEATING

Up until the present time, entry velocities have generally been suffi-

ciently low that entry heating has been essentially a convection process.

For entry near earth satellite speed, the radiative component is negligible -

except for the ICBM's which plunge deep into the atmosphere. As the entry

velocities becc_e greater, the air in the bow shock Is_er becomes excited to

the point where it beeches a powerful source of radiative heating. At es-

cape velocity, radiative heat transfer is a significant part of the heating.

For planetary exploration vehicles that reenter the earth's atmosphere at

very high speeds - well above escape velocity - radiative heating can be-

ccme the dominant mode.

At present, most of the experimental research on thermal protection mate-

rials is carried out in facilities that provide only convective heating. Arc

image furnaces are used to provide radiative heating oD/y. It is a generally

accepted view that even in those cases where radiative heating is the dcILimeust

mode sc_e convection at the heated surface is required for proper simulation.

Only in a few instances have there been attempts to provide combined convec-

tive and radiative heating.

The next few figures show known existing devices for providing combined

heat. Figure ii shows a device used at Langley (ref. 5]. A resistance

heated graphite sleeve was placed in tandem with the output from an arc Jet,

providing radiative inputs to the specimen up to 200 Btu/ft2-sec. This

device is unsatisfactory because the Jet stream consusmes the graphite heater

resulting in frequent replacement. In addition, because of the presence of

large amounts of carbon in the stream, the chemistry at the surface of the
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ablatingspecimenis notcorrect. Lastly,theradiativeratesavailableare
nothighenough.

TheAmes Research Center is using a device (ref. 6) which couples an

arc image furnace to a small arc Jet, producing the radiative rate shown in

figure 12. The output from the carbon are is refocused on the specimen by

means of mirrors with the output being controlled by a shutter, screen, and

filter arrangement. An advantage of this type of arrangement is that the

radiative and convective heating are independently controlled. However, the

radiative rate shown represents about the maximum that can be achieved with

arc image furnaces.

Another device is shown in figure 13. This device is employed by the

General Electric Company and is essentially a long constricted are (ref. 7).

The test gas is heated by the arc and expelled into the plenum chamber and

through the nozzle. The model is positioned so that it receives radiative

heating from the arc and the plenum chamber gases. The maximum radiative

rate is obtained when the specimen completely blocks the flow and the by-

pass port is used to discharge the heated air. By selective positioning

of the specimen and adjustment of the bypass port, various combinations of

convective and radiative heating are obtained. The technique involves the

use of the same arc to provide both radiative and convective heating. The

disadvantages are the relatively low radiative rate and the coupled control

of convective and radiative heating.

Figure 14 shows a device which reportedly affords a very high radiative

heating rate. In this device the material specimen serves as the chamber

that confines the arc which radiates directly to the test material. The

radiative rates are calculated to be as shown. However, the only gases

involved are those generated _hen the test material decc_poses. These gases

k Ill
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exit aroundtheelectrodesasshownandreportedlyproducea stagnation
areatypeof flowat thecenterof thespecimen.It is evidentthatthe
convectiveheatingandthesurfacechemistryarenotcorrect.

In anotherversionof thetechniqueof usingthetestmaterialto con-
finethearc,thearcandtest gasesarepassedthroughacylinderof test
materialwhichconfinesthearcandthegasflow. Thetestmaterialthus
constitutesaportionof theconstrictor.

Thereareshocktunnelsbothexistingandproposed,modifiedin various
ways,that producegoodsimulationof thehigh-speedthermalenvirommemt.
However,testingis restrictedto verysmallmodelsandto test times
measuredin microseconds.Thus,althoughtheshocktubefacilities are
extremelyvaluablein researchc_thephysicsandchemistryof air, they
areof little valuefor testingmaterials.Theoneknownexceptionis the
CornellAeronauticalLaboratory'sWaveSuperheater.Thes_perheaterwhich
utilizes asequentialfiring of mamyshocktubesprovidesgoodsimulation
upto aboutM= 14 withtest timesasgreatas15seconds.

RESPONSEOFABLATIVEMATERIAL$TOSIMUI_TEDENTHYENVIRO_4_I_

Researchhasshownthattwoof theimportantcharacteristicsof agood
heat shield material are the ability to sustain high surface temperatures so

as to reject heat by reradiation and good insulative properties so as to de-

lay heat penetration to the interior of the vehicle.

Charring Ab fat ors

A class of materials which has been shown to have these characteristics
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aretheso-calledcharringahlators.Charringablatorsfunctionin avery
complexmanner.In additionto beingrelatedto eachother,thebasicproc-
essesandmechanismswhicharebroughtintoplsyareintimatelyrelatedto
theaero-thermalenvironment.Thereforethetypeof test simulationin-
fluencesthematerialresponse.

Someof thedetailsof acharringablatorareshownin figure15(from
ref. 8). Thecharringcomposites,in general,consistof plasticresins-
suchasphenolic,epoxy,andsilicone- filled withorganicor inorganicmate-
rials in the form of powder, fibers, or cloth. On the left are typical

layers which result during ablation. At the bottom is the structural sub-

strate to which the virgin composite is bonded. Above the virgin material

is the pyrolysis zone at which, due to the influence of heat, the virgin

material decomposes into gases and a carbonaceous residue. As the decom-

position proceeds, the carbonaceous layer, or char, reinforced by the filler

materials builds up to an appreciable thickness. Finally, if glassy filler

materials are used, a melt laser may exist.

On the right are some of the processes which take place during ablation.

Pyrolysis takes place at the relatively low temperature. Thus the potential

for heat conduction is not very large and if the diffusivity of the virgin

material is sufficiently low the temperature response of the structure is

slow. When pyrolysis takes place the degradation process serves as a heat

sink. Kowever the heat of degradation is generally small compared to the

amount of heat that must be accc_modated overall by the ablator. The

pyrolysis gases percolate, or transpire, through the char picking up heat

in the process. There is also a possibility that reactions may take place

between the gases and the chars or between the various gaseous species.

Within the char, conduction of heat toward the pyrolysis zone is partly
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canceledby action of the transpiring gases. The gases are then injected

into the boundary layer, thereby blocking convective heat transfer to the

surface. As the char layer becomes thicker the surface temperature rises

and a large amount of heat is rejected by reradiation to space. The char

is then eroded by thermal, chemical, or mechanical means such as sub-

limation, oxidation, or removal by aerodynamic shear.

Basic equations governing the response of charring ablators are shown

in figure 16. At the top, the surface energy balance, or boundary condition,

is given. The convective heating is reduced by the hot wall correction and

the blocking effect of the transpiring gases. Next is that portion of the

radiative heating which is absorbed. For present materials, this is usually

most of the radiative heating because the reflectivity of the charred surface

is low. The next term is the heat input which results from the oxidation

of the char. There m/ght also be another term here which results when the

pyrolysis gases undergo a hc_ogeneous combustion reaction in the boundary

layer. On the right side is the reradiative term which is very important

for charring ablators, conduction into the interior of the heat shield, and

a term to allow for the sublimation of the char which may take place if the

temperature is sufficiently low. The effects of pressure and aerodynamic

shear are not shown here - mainly because there is very little experimental

evidence to indicate how these mechanisms must be treated. At present, they

are usually treated with auxiliary equations %[h/ch specify a maxim%un char

thickness.

An energy balance on the degrading material produces the very genera/

equation shown here. Except for the term which accounts for heat disposed

of by convective transport_ the equation is similar to the diffusion equation.

This equation probably overly simplifies the mathematical formulation of the
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problemasmanyauxiliaryequationsarerequiredto accountfor all of the
mechanisms.

Instrumentationof Ahlators

One of the primary difficulties that is experienced with the experimental

evaluation of charring ablators is that several effects take place simultane-

ously and what one sees when the test is completed is the combined_ or over-

all, effect. During the course of the test, the receding char surface is

usually obscured by the pyrolysis gases or the air stream and therefore

motion pictures do not yield much quantitative information.

In the past, the principal type of instrumentation utilized in ablation

tests has been thermocouples. However, even when thermocouples are used the

utility of the data is limited and, in fact, sometimes erroneous. Figure 17

has been prepared to illustrate the latter point. There is shown a sectioned

test specimen which was instrumented with complete disregard for the Dasic

rules of thermometry. The thermocouples were positioned with the axes of

the wire in the direction of the flow of heat. The thermocouples are much

better conductors than the virgin plastic as is evidenced b_ the degradation

of material along the wire. There can be not douht that erroneous temper-

ature readings were obtained in this test.

Figure 18 shows quantitatively the effect of thermocouple configuration.

Configuration (i) consists of a grooved plug with a wire running down each

side. The wire insulation is removed and replaced with cersmic tubing. At

the end of the plug, the bare wires are Joined at the center. Several dism-

eters of the wires are perpendicular to the heat flow direction to minimize

the conduct effects. Configuration (2) consists of a thermocouple potted
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in a hole whose axis is parallel to the heat flow. In this case, the wire

insulation is replaced with two--tube ceramic tubing. Configuratio- (3)

is s_milar to configuration (2) with the exception that the resin-glass

insulation is left on the thermocouple wire. The difference between the

response of sensors (I) and (2) shows the effect of thermocouple config-

uration with the temperature difference being as much as 1500 ° F. The

difference between the responses of sensors (2) and (3) results from the

difference between the conductivities of the wire insulation and the cersmic

tubing.

Even the use of correct thermocouple technique does not yield as m_ch

information on the performance of charring ablators as is desired. Among

the items one would like to see recorded during a test are the surface

recession and the char thickness. The Instrument Research Division at

Langley has been studying instrumentation for ablators sad has devised

some rather pr_nising sensors using simple techniques.

Figure 19 shows a make-wire gage. Make-wire gage techniques have been

utilized before but with rather limited success. This version, which is

intended to sense the interface between the virgin material and the char,

shows considerable promise. Ten-mil platinum wires are positioned as shown

in a split plug of the plastic material. Noble metal is used to prevent

the formation of conductive oxides. It has been found essential to peen

the ends of the wires to make good contact with the char. As the front

of material degradation passes the ends of the wire the electrical con-

ductivity of the material in contact with the ends increases and the circuit

is completed through the char. Conditioning circuitry is used to provide

a constant voltage step indicating the event.

A gage for sensing the surface recession is sh_n in figure 20. A
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tungsten wire is attached to one leaf of a spring-loaded microswitch. The

wire is threaded through a molybdenum tube and knotted in such a fashion

that the switch is open. As the surface recedes toward the end of the

sensor the temperature increases to the point where the tungsten melts and

the switch is closed by the spring, giving a voltage indication of the event.

Tungsten melts at about h?00 ° F so this is actually a temperature indicator.

However, the temperature gradients are very steep near the surface and

therefore the _700 ° F isotherm corresponds very closely to the surface

location. In principle, one would make the wire refractory enough to en-

sure the surface being reached but of small enough mass so that it would

melt immediately upon exposure at the surface.

Another type of surface sensor is sho_-n by figure 21. This is a light

pipe sensor which consists of a sappire light pipe, an infrared filter, and

a photo-resistive diode. The diode decreases in resistance with increasing

light. The infrared filter is used to make the gage less sensitive and

more capable of a sharp output. At 1000 ° F there is essentially no out-

put from this gage. As the end of the light pipe approaches the surface

due to the rapidly increasing temperature an output results.

Figure 22 shows the determination of char thickness with these gages.

Recession of the char interface was sensed by the make-wire gage and reces-

sion of the surface by the light pipe sensor. The difference between the

two readings gives the char thickness as a function of time. The magnitude

and steady-state char thickness were verified by measurements of char thick-

ness on sectioned specimens tested for i0, 20, and 30 seconds.

In addition to sensors such as these, research is being performed by

several organizations on sensors which utilize radioactive elements. The
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changein measuredradioactivityis usedasameansof locatingthesurface
andthecharinterface.

Themostcarefulsimulationof entryheatingonacharringablator
will notyield thedetailedinformationregardingtheablationprocesses
unlesssuitableablationsensorsaredeveloped.

Effectof RadiativeHeating

Unfortunatelythereis adearthof usefulaxperimentaldatafromcom-
binedconvectiveandradiativetests--principallybecauseof thelackof
adequatefacilities. Figure2BshowssameresultsobtainedbyLangleyusing
theresistauce-heatedgraphiteradiatorpreviouslydescribed(ref. 5)- The

efficienciesof threematerials- Teflon,Fluorogreen,andphenolic-nylon-
aregivenasa functionof thetotal cold-wallheatingrate. Efficiencyor
effectivenesswill beusedin succeedingfiguresandis definedasthetotal
cold-wallheatinputwhichcanbeaccommodatedbyapoundof materialbefore
reachingaspecifiedback-surfacetsmperature- whichw_B00° F in this
case.Dataareshownfor radiativeheatingalone,convectiveheatingalone,
andcombinedconvectiveandradiativeheating.Briefly,whenteflonex-
periencesradiativeheatingaloneor c_nbinedradiativeandconvectiveheat-
ingits efficiencydropsconsiderablyfromthelevelthatwouldhavebeen
obtainedwithconvectiveheatingonly. Thisis attributedto thethermal
transparencyof teflon. Fluorogreenis essentiallyTeflonwithadditives
that increasetheopaquenessto thermalradiation.Althoughtheresultwith
convectiveheatingaloneis thesameasfor Teflon,radiativeheatingproduces
muchlessdecreasein efficiency.

Finally,for thephenolic-nylonmaterial,it is seenthatoverthetest
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rangeof heatingratesaboutthesameefficiencyis obtainedregardlessof
thetypeof heating.Howevertheseresultsarenotbelievedto beindicative

of whatwouldhappenin aflight situation. In theseteststheenthalpywas
quitelowandthereforetheablationblockingmechanismwasnotverysignif-
icant. Inasmuchasit is thisblockingmechanismthatis mostaffectedby
radiativeheating,thesimulationwasnotadequate.

Figure24showssomecalculatedresults(ref. ll) whichprobablyprovide
aclearerpictureof theeffectof radiativeheating.Theordinateis dimen-
sionlessheatof ablation,whichis agageof materialperformance,andis

definedbytheequationwhereqo is hot-wallconvectiveheatingrateto
anonablatingbodyandqr is thenetradiativeheating.Theabscissais

thedimensionlessenthalpydifference.Thequantityqr/qo is theratio of
thenetradiativeheating- that is, theradiativeinputminusreradiation-
to thehotwallconvectiverate. Thecurvemarkedfor thezerovalueof

theratio is for convectiveheatingonly. Astheratio increases,theheat
of ablationdecreasesbyasubstantialamount.Thisresultsbecausethe

gasesthattheablatingsurfaceinjectsintotheboundarylayergenerally
donotblockradiativeheating.Moremassis injectedinto theboundary
layerthanwouldbethecaseif all theheatingwereconvective.Negative
valuesof theratio resultwhenthereradiativeratesarehigherthanthe
radiativeinput. In this instance,thereis anincreasein heatof ablation.

Thusit canbeseenthattheeffectof radiativeheatingdependscritically
upontherelativemagnitudesof theradiativeandconvectiveheatingandthe
enthalpydifference.

Anotheraspectof this problemis theeffectof radiativeheatingin a
situationwherecharoxidationis significantasit maybefor charringabla-
tor. At thehighertemperatures,oxidationis afunctionof therateof
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diffusion of oxygen to the surface. In turn, the diffusion of oxygen is

related to convective heating. Just as mass injection blocks convective

heating, it also interferes with the diffusion of oxygen to the ablator

surface. Therefore, the mass injection which results from the radiative

component of heating will lessen the char oxidation. Ccabined radiative

and convective heating should result in less severe oxidation than am equal

amount of convective heating only.

Effect of Convective Heating

Heat shield efficiency changes greatly with variation of the entry

environment and the various materials respond differently to these varia-

tions as shown by figure 25. In each of the four graphs, the change in

thermal efficiency of two good heat shield materials is plotted as a

function of changes in an important environmental; for example, an increase

in velocity, or enthalpy, from orbital to escape speed, such as going from

the Mercury to the Apollo mission. Also considered are changes in the heat-

ing rate, surface oxidation, and shear.

Figure 26 shows qualitatively the effect of oxidation on char erosion.

The sectioned specimens shown here were tested in an are Jet condition that

was not energetic enough to remove char by means of pressure or shear forces.

In addition, the surface temperatures experienced by these specimens were

not high enough to result in the sublimation of char. The principal means

of char erosion was oxidation.

The specimens were made of the same material and were of the same shape

and size. They were subjected to the same heating conditions for the same
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periodof time. Theonlydifferencesin thetestsweretheoxygenpercent-
agesof thestream.Theoriginalspecimenoutlinesareshownfor reference

purposes.
Thespecimenontheleft wastestedin a10G-percentnitrogenstream.

Thisspecimen,whichshowsasmallchangein sizeandpracticallynochange
in shape,lost about47percentof theoriginalmass.Thesmallchangein
sizeis believedto haveresultedfromshrinkagewhichoccurswhenthis
materialpyrolyzes.Thespecimenin themiddlewastestedin astreamwhose
contentbyweightwas90-percentnitrogenand10-percentoxygen.Thechange
in sizeis moresubstantialandthereis asignificantchangein shape.The
total masslossin this testwasabout56percent.Finally,thespecimen
ontherightwastestedin air. Herethereis a drasticchangein sizeand
shape.Themasslossfor this casewas68percent.A closerexamination
alsorevealsthatthecharthicknessis inverselyrelatedto theoxygencon-
tentwiththethickestcharbeingdevelopedin thenitrogenstream.

Effectssuchasthesehaveamarkedinfluenceontheefficiencyof a
materialascanbeseenin figure27. Thermaleffectivenessof aphenolic-
nylonmaterialis plottedasa functionof cold-wa_lheatingratefor tests
in streamsof fourdifferentcompositions.Fortestsin air, theeffective-
nessis about6000Btu/lhandis averyweakfunctionof heatingrate. For
testsin nitrogen,theeffectivenessis from2to 3timesasgreatasobtained
in thetestsin air for therangeof heatingratesshownandis strongly
influencedbyheatingrate.

Figure28showsacomparisonof calculatedandexperimentaloxidation
effects. In this case,thematerialeffectivenessis plottedasa function
of streamoxygencontentfor asingleheatingrate. Calculateddataare
shownfor enthalpiesrangingfrom3,000to 25,000Btu/ib- corresponding
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to a lowenthalpytest conditionandtheenthalpyassociatedwithentryat
escapevelocity. Experimentaldatatakenat 3,000Btu/lbindicatedfair
agreementbetweenexperimentandtheory.Morei_portant,however,is the
conclusionthatthemajoroxidationeffectsoccurat thelowerenthalpies.

If highenthalpycharoxidationis to besimulatedin a lowenthalpy
facility, thestreamoxygencontentmustbereduced.Testsin air would
indicateamoredeleteriouseffectthanwouldbeobtainedin flight. This
alsoemphasizes the attention which must be given to producing the proper

surface chemistry when simulating heating.

The oxidation effect Just shown for l_aenolic nylon might not appear

when dealing with another material. Figure 29 shows the results of a

similar series of tests on a silicone resin with gl_s fillers. Again

effectiveness is plotted as a function of heating rate. The first thing

to note here is that the stream c_positic_ generally speaking has a rather

negligible effect on the performance of the material. However this mater-

ial does show a heating rate effect. When this material ablates, a glassy

layer is formed at the surface. As the heating rate, and in turn the sur-

face temperature, increases, the glasgy layer becomes less viscous and is

rapidly removed by aerodynamic forces. The maximum efficiency is produced

at about 150 Btu/ft2-sec.

If one were considering this material and the previously discussed

phenolic-nylon material for a flight application and made screening tests

in air to determine which material was best, he might erroneously conclude

that the silicone material was much better than the phen01ic-nylon material.

Actually, if proper consideration is given to the fact that the test of

phenolic _ylon in air is more severe than would be experienced in flight,

one concludes that up to a heating rate of 150 Btu/ft2-sec the efficiencies
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wouldbeaboutthesame.

Figure30showsa comparisonof calculatedandexperimentalheatingrate
effectsfor thesiliconematerial.Theexperimentaldatacurveis theaverage
of datatakenat 3,000Btu/lb. Calculationsareshownfor twoenthalpies,
3,000and25,000Btu/lb. Thetest specimensonwhichtheexperimentaldata
weretakenhadcalorimetersonthebacksurfaces.Thecalculationsshown

heredonot includetheeffectof thecalorimeter.Howeversincethis figure
wasmade,theeffectof thecalorimeterhasbeenincludedandthecalculated
curvefor 3,000Btu/lbshiftedslightlyto theright andslightlyabovethe
datacurveshownhere.Thesignificantfeatureof this figureis theindi-
cationthatit is possibleto analyticallypredicttheheatingrateeffect.
If onecanpredicttest results,onecanextrapolateto conditionsmore
severethanthetestenvironmentwithmuchgreaterconfidence.

MechanicalErosionof Char

Thenextitemto bediscussedis theerosionof charbyaerodynamicshear.
Thisis aphenomenonthat is notpresentlywellunderstoodbutwhichcanbe
demonstratedto beverysignificant.Mannedvehiclesexperiencelongheat-
ingperiodsandin orderto improveablationmaterialinsulativequalities
soasto provideprotectionfor longheatingtimes,therehasbeenatrend
towarddecreasingmaterialdensity.Thishasbeenshownto increasethe
effectivenessof thematerials.Howeverthecharswhichareproducedby
thelow-densitymaterialsmaybequitefragile. Eventhelowto moderate
shearforcesexperiencedin amannedentrymayresultin substantialerosion
of thecharandadrasticdecreasein thematerialefficiency.
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Figure31 shows secticmed test specimens subjected to different shear

levels. Two materials were tested, a molded phenolic-nylon and a glass rein-

forced epoxy resin. The phenolic material was 36 ib/ft 3 mad the epoxy material

was about 32 ib/ft 3. However there was a vast difference in char strength ss

is indicated here. The original specimen profiles are shown for reference

purposes. At the low shear level, the phenolic material experienced no

difficulty, whereas the epoxy material experienced significant erosicm. At

the high shear level, the difference in performance is greatly magnified -

particularly when one notes that the phenolic material was exposed about

four times as long.

The reason for pointing out these shear tests is that, in the past,

experimenters have been obsessed with producing high enthalpy test devices.

In many instances, the high enthalpy devices utilize very low mass flows

and produce negligible shear on specimens. Phenomena such as shown here

can be completely overlooked in such cases.

As a matter of fact, some thought is now being devoted to the considera-

tion of duplication in terms of what the ablating surface feels rather than

devoting so much attention to the simulation of free-stresm parameters. Fig-

ure 32 shows some of the inputs to the surface of the material. The inputs

are thermal, chemical, and mechanical. The thermal inputs shown here are

the absorbed radiative heating and the net convective heating. The chemical

input is the rate of diffusion of oxygen. The mechanical inputs are the

pressure and the shear.

First-order approximations show that the inputs are related as shown.

The dencminators are the enthalpy, comcentration, and velocity differences

across the boundary layer.
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Somepreliminarytestinghasbeendoneutilizing this approach.The
resultsareshownin figure33. Atestwasmadein ahighenthalpyfacility
whichproducedthetest conditionsshownhere.Becausethefacility is new-
ly installedandcontrolequipmentis presentlylacking,theoxygenconcen-
trationwashigh. Thetest resultsobtainedona phenolic-nylonspecimen
wereasshown.Calculationsweremadeto determinewhatthetest condi-
tions,otherthanenthalpy,shouldbein orderto producesimilarresults.
Aspecimentestedunderthecalculatedconditionsin thelowenthalpy
facility producedthelistedresultswhicharequitesimilarto thehigh
enthalpyresults.

Figure34showsthesectionedtest specimensto furtherdemonstrate
thesimilarity. Admittedlythesearepreliminarydata,but it is believed
thatmoreattentionshouldbedevotedto this approachto simulation.It
is quitepossiblethatpresentfacilities, limitedastheyare,canproduce
moremeaningfultestdata.

FLIGHTTESTSOFABLATIVEMATERIALS

Upto now,groundtestshavebeendiscussedexclusively.In spiteof
thevastnumberof groundtests,theyare,at best,partialsimulationsof
manyeffects. Thefinal verificationof aheatshielddesign,orof an
analyticalprediction,ora simulationtechnique,mustbeaccomplishedby
flight tests. Flighttestsprovidethenecessaryconfidencefactorfor the
utilizationof groundtest results.

Anexampleof thetypeoftest of interestis thependingtest of

charringablatorin ahighenthalpyreentryenvironmentwhichcannotpresently
besimulatedontheground.Theboosterthatis to heutilizedin this test
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is thefour-stageScoutbooster.Afifth stage,in theformof a spherical
rocket, is added to the payload. Two rockets are fired to propel the pay-

load u_d to the desired position and the remaining three rockets drive

the payload into the earth's atmosphere at a velocity of about 28,000 fps.

W

( Y -_ -7 •5 ° , C--_ = 165 psf. )

Figure 35 is a picture of the payload _-ith the eemponents separated.

The 18-inch-diameter aft end of the payload is at the left of the photo-

graph where interstage structure can be seen attached to the spherieal motor.

These components are separated before reentry. The instrumentation deck is

to the right of the spherical motor. Next is the instrumentation deck hous-

ing. The white truncated cone is the payload afterbody which is constructed

of magnesium covered with Teflon for thermal protection. The next eo_mponemt

is the payload battery pack. The ]_l-inch-diameter payload nose cap at the

extreme right is the primary experiment. A low-density charring ablator

is bonded to a steel shell. The ablator is well instrt_nented with thermo-

couples and the previously described ablation sensors.

Considerable ground test data for the material were generated. In som_

of the tests, excessive char erosion was apparent. However, the actual fail-

ure mechanism could not be determined. Using available data, several

organizations made predictions of how the material would per1_orm in the

flight test. The results were as shown in figure 36. The amount of heat

shield material remaining is plotted against time, measured from the begin-

ning of heating. The heating pulse is shown for reference purposes. The

shaded band shows the range of predictions. At the top edge of the band

where success is predicted, the prediction procedure was almost entirely

empirical to the extent of employing an unrealistic ablation model with

empirically deterzkined characteristics. At the bottom edge of the band,
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theheatshieldis predictedto fail beforepeakheating.In this case,a
morereasonableablationmodelwasutilizedwithcorrelatedtestdatato
prescribecharremoval.Thedatahoweverweretakenat conditionssomewhat

differentfromtheentryenvironment.Severalotherpredictionsfell be-
tweenthesetwoextremesbutmostof thempredictedfailureneartheend
of heating.

Thisis averygraphicexampleof thewidevariationin resultsthat
areobtainedwhentest dataareextrapolatedconsiderablybeyondtherange
of parametersof thetestsinwhichthedataaretaken.However,it should
bepointedoutthattheperformanceof this materialcouldnotbecharacter-
izedto thedesiredextentbeforethepredictionsweremade.

CONCLUDINGREMARKS

Theeffectsof severalenvironmentalparametersonthebehaviorof abla-
tionmaterialshavebeenexamined.Practicallyall theentryheatingparam-
eterssuchasenthalpy,pressure,heatingrate, aerodynamicshear,andso
forth, affectmaterialperformance.However,thesignificanceof theeffects
dependsto a largeextentuponthetypeof material.Inasmuchasit is rare-

ly possibleto simulateseveralenvironmenteffectssimultaneously,the
primaryinputsmustbedeterminedandthetest simulationmustaccountfor
theeffectsof theseinputs.Theparticularmaterialsof concernmustbe
characterizedbytestandanalysisto determinewhichof themanyenviron-
mentalinputsarethemostsignificant.

It mustalsobeevidentthatextrapolationof experimentaldatato an
environmentconsiderablymoreseverethanthetestenvironmentcanleadto

erroneousconclusions.Admittedlyat thepresenttime,extrapolationmust
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generallyberesortedto for themostadvancedentrymissions.However,by
combiningcarefulcharacterizationof materialsin lesssevereenvironments
withaualyticalpredictionsof behavio_ in the flight environment, one may

develop procedures that can result in adequate heat shield designs.
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