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CONVECTIVE AND RADIATIVE HEAT TRANSFER DURING REENTRY

AND ADVANCED TECHNIQUES FOR THEIR SI_JLATION

by

Thomas N. Canning

INTRODUCTI C_

Experimental engineering research has been largely devoted to

simulation, in the laboratory, of phenomena and systems which are diffi-

cult, for one reason or another, to reproduce in full-scale tests. The

success of these efforts at simulaticm in guaranteeing the final system

performance has been in direct proportion to the success in choosing

the proper parameters to be matched and to the exactness of scaling laws

derived for use in projecting to full-scale behavior. In the best of

all possible worlds one could always make his tests at the design condi-

tions using the complete system under consideration. One example will

suffice to show why this generally cannot be done.

The Apollo ccmm_and module will enter the earth's atmosphere at about

II kin/see and will, ave on board three people, whose value has been en-

hanced by recent ex_riences. If all of the bits and pieces as well as

the subsystems necessary for the mission have not been checked thoroughly

in the laboratory, the chances of the cemplete system operating are nil.



-VII-2-

Onebit of this systemwhich- thanksto hundredsof fairly cheap
laboratorytestsandscoresof carefultheoreticalstudies- assumesa
lesseningthreatto successis theheat-protectionsystem.It is to

this narrowpartof thevastcomplexof technologiesthatthepresent
discussionof simulationis devoted.SinceBrooksI hasdiscussedthe

studyof materialresponse,thepresentpaperis furtherrestrictedto
evaluationof expectedheatloads.

Theseheatloadsareconvenientlydividedintotwocomponentswhich

canusuallybetreatedseparately,convectionandradiationfromJ_he gas

within the shock layer to the vehicle surface.

CONVECTIVE HEATING

The stagnation-point convective heat load on blunt hypervelocity

bodies has been treated extensively by many investigators, for example,

Lees 2 and Fay and Riddell 3 in the speed range up to i0 km/sec. Lees

has also related the heating elsewhere on simple bodies to that at the

stagnation point. Starting with the former problem we see, in Figure i,

that the heating rate normalized with respect to the body size and pitot

pressure is nearly a linear function of the driving potential, that is,

the difference between stagnation and wall enthalpy. As the flight speed

increases above about 9 km/sec, thetemperatures become high enough that

partial ionization occurs. The influence of ionization on convective

heating has been argued widely: the consensus of those theoreticians

who have used the transport properties predicted by Hansen 4 for hot air

is that the influence is fairly small; the controversy is essentially

settled by results of actual measurements of heating rates in two types
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of modern laboratory equipment. Figure 2 shows the experimental_ deter-

mined heating amd indicates that there is, at least, fair agreem_mt among

the experimemters.

Most of the data shown in Figure 2 were obtained by use of shock tubes ;

the remainder %_re collected from aeroballistic tests. The shock tube

consists of a tube containing a sample of test gas, s_y, air, and a driver

filled with gaS at high pressure (Fig. 3). When the d/_phragm which separates

the chambers is ruptured, a shock moves through the test gas simulating the

detached bow shock of a flying body. Instruments ms_ be placed around the

test area to study the physical and chemical changes wrought by the shock

cc_pression. The pertinent setup for the study of convection requires small

aerodynamic models to he mounted within the tube to sim,_late the hypervelocity

flow field. Thin-film resistance gages or thicker calorimeter gages are de-

posited on the models so that the history of surface te_perRture, and hence

heating rate, cam he determined. 5" 6, 7

The t_o moat popular shock-%ube configurations im use to_ are illustrated

in Figure 4. The simplest form (in the upper sketch) uses the flow Just be-

hind the incident w_ve _s the airstresm. This part of the gas flow is very

hot so that, even though its speed may be high, its Mach number is low and

the aerodynamics of the teat flc_ must be analyzed accordingly. This dis-

advantage is not serious _hem only the stagnation point heat tramsfer is

being measured or _hen the details of the flow field are yell known. The

other configurations _ill he discussed later. 0n_v a fraction of available

convective-heating data (ohtained in simple shock tubes} are Shown in Figure

2. As with most rapidly developing experimental techniques, the data scatter

unacceptably at the higher enthalpy, that is, velocity, levels. Most hut

not all of the apparent discrepancies are at least partially understood.
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If theresearchersusingshocktubeshadbeencontentto useonly
thesimplestdesigns_thedescriptionof theresearchdonebythemmight
bemademorenearlycomplete;becausethesepeoplehavebeeninventive,
theemphasisis necessarilyputondescriptionsof othershock-tube
designs.

VariantsonSimpleShockTubes

ThefactthattheMachnumberin theflowbehindtheincidentwave

is low,evenwhenthewavespeedis veryhigh,haspromptedinvestigators
to employsimpleexpansionnozzlesto cooltheair adiabaticallyaswell
asincreaseits speed.Bothof theseeffectsaredesirable,butthe
alreadyshorttest times,afewmillisecondsat best,arefurthereroded
bystartingandstoppingtransients.Astheshockandits followinggas
samplestartsinto theexpandingtube,theexpansionandccmpressionwaves
necessaryto maketheair adjustto thenewflowgeometrydevelop.Until
theflowhasbecomesteady,test resultsareof doubtfulvalue.

Theneteffectof this lossof testingtimehasbeengreatlyreduced
byintroductionof thereflected-shockhypersonic-nozzleconfigurationin
1_ideusetoday(seeFig._).

In this facility full advantagemaybetakenof thefactthatupon
reflectionof the initial wavefromtheshock-tubeendwall (theconvergent
partof thenozzle),thehotgasis broughtto restandheatedfurther.
Thisgasin thestagnationchamberadvancesslowlytowardsthenozzleand
is usedat lessthanone-tenthof therateit wouldbeusedwerethereno
constriction.Thesmallnozzlethroatalsomakesfeasibletheconstruction

ofmoderate-sizedhypersonicnozzleshavingverylargeexpansionratios
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(greater than i000) to accelerate the flow to high speed and low static

temperatures (hence high Mach ntlmber).

The thermo_ynsmic state in the test region is some_aat less perfectly

understood than that in the stagnation chamber because of possible non-

isentropic flow through the nozzle. This disadvantage is offset by the

great gain in steady flow duration. The testing done in these reflected-

shock-tube hypersonic tunnels may be made more representative of real f1_ght

because the Mach number, and hence inviscid flow phenomena, my be more

adequately imitated than in the simple, straight tube. The importance of

this simulation has been demonstrated in references 8 and 9, where it was

shown that the strong how wave of a blunt-nosed slender body, such as that

shown in Figure 5, m_y seriously impair the stabilizati_ afforded by flares

and fins. This effect arises fram severe changes in static and dynamic

pressure distributions _ the correspondence hetween pressure and heat load

shown by Lees leads one to expect similar complications here. It is safe

to say that if we are to simulate the heat-load distribution, we must

simulate pressure distribution. The utility of the reflected-shock,

hypersonic tunnel is well recognized for this reason.

A new entry to the field is the so-called expansion tube. I0 In this

device the steady expansion through the nozzle of the shock-tube wind

tunnel is replaced by an unsteady expansion into a nearly completely

evacuated tube. The stream velocity capability is approximately double

that of the nozzle-type facility. The steady flow duration Just ahead of

the unsteady expansion, on the other hand, is far shorter. Since the

exploitation of this concept is Just starting, it is difficult to predict

its success. It is anticipated that simple extensions of shock-tube tech-

nology will make it very useful.
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Ballistic Facilities

The course of imitation taken in shock-tube testing, that is provid-

ing a fast-moving hot or cold airstream, is a natural extension of older

conventional wind-tunnel technology. A completely different approach has

arisen from recent evolution of ballistic-range techniques. Development

of guns capable of firing test bodies at speeds up to i0 km/sec provides

us with the opportunity of observing actual flying bodies in the laboratory.

By suitable adjustment in test parameters it is possible to simulate in

vatting degree most of the important governing phenomena. These hyper-

velocity projectors are called light-gas guns because they commonly use

hot compressed hydrogen as a propellant. Differences in detail inevitably

exist, but the schematic in Figure 6 shows the essentials of the best guns.

A small charge of gun powder is used to propel a heavy piston through

the pump tube, thereby ccmpressing the hydrogen it contained to peak pres-

sures estimated to exceed 20,000 atm. As the pressure rises past about

1,000 atm, a thick steel diaphragm separating the pump tube from the launch

tube ruptures and opens in four petals; and the hydrogen propels the model

at accelerations exceeding a million g's to velocities exceeding l0 km/sec.

The piston is arrested in the conical transition between the two tubes.

These guns can launch well-designed models of remarkable complexity with-

out damage, as will be discussed later.

The principal uses in defining the convective-heating environment

expected in hypervelocity flight have been by detection of the onset of

ablation of metal models as a measure of local maximum total heating rate,

by calorimeter measurements of the total heat transferred to models which

do and do not ablate, and by measurement of the surface-temperature histories
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of themodels with on-board thermocouple circuits.

These techniques have been described in references 11 and ]2 but

will be outlined herein for completeness. In the first method the many

shadowgraph pictures taken of the model during its flight are studied to

determine the time at which melting of the surface first cc_menced (see

Fig. 7)- This melting permits material to flow into the va_e, where it

can cast a shadow in the pictures. The analysis of the data consists of

finding the theoretical prediction of heating rate which predicts the

observed phen_nena. This method has been checked directly against heat-

transfer measurements in shock tubes and other facilities and found to

be reliable. Subsequently, tests have been performed at flight speeds

above ll km/sec (Fig. 2).

At launch speeds below about 6 Mm/see the small models used in these

studies do not begin to melt, but simply absorb the heat. The second

method method of measurement uses a calorimeter, into w_ich the model

drops, to memsure this heat input. The _pp_ratus used is sholn in

Figures 8 and 9. The model, after leaving the light-gas gun, flies

along the ballistic range until it decelerates to lo_ speed and is caught

in the laminated paper-model catcher. It then drops into a calorimeter,

_here the heat increment is measured. By combining measurements made

at a variety of muzzle velocities the variation of total heating with

speed is deduced.

The third method of convective-heat-transfer measurement is the use

of telemetered signals from the model to antennae along the flight path.

Active FM telemetry has been developed for this work, but has not been

usable in the speed range of interest because the acceleration loads

are too great. A passive system has been developed using the principles
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indicatedin FiguresI0 andii. In this caseamodelcontaininga com-
pletethermocouplecircuit, includingafour-turncoil, is fired at high
speed.ThesurfaceJunctionis heatedandtheresultingemfproducesa
magneticfield. Thisdipolefield, passingthroughthepickupcoils,
producessignalswhichcanbeanalyzedto determinethetemperaturehis-
toryof thesurfaceandhenceheatingrate. Thistechniquehasbeenused
to measurestagnation-pointandafterbody-heatingratesonbluntbodiesat
speedsupto 5.6km/sec.

RADIATIVEHEATING

Asmentionedearlier, theheatingenvironmentalsoincludesradiative
transportof energyfromthehotshocklayerto thesurface.Sincethe
consequencesof radiationareproportionatelymoreseverethanconvec-
tion, in termsof materialremovalfromtheheatshield,it is necessary
thatwemeasurethis sourcefairly well for high-speedflight. The
radiationis a consequenceof excitationof internaldegreeof freedom

of thegasmoleculesandatoms; if de-excitationoccursspontaneously,
ratherthanbyvirtueof collisionswithotherparticles,radiationis
emitted.Athighspeedsthis radiationbecomesanimportant,perhaps,
dominant,heatloadonlargebodies.

Theemissionandabsorptionspectraof thermallyexcitedgaseshave
beenstudiedintensivelyin recentyears.Severalpapersspecializingin
thermalradiationfromair13' lh, 15agreeacceptablyin thespeedrange
whereradiativeheatingis small. Thesesamediscrepanciesbecomeun-
acceptablewhenconsideringflight at 15km/sec.Figure12summarizes
resultsfromsomeof theexperimentalandtheoreticalworkbasedon
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shock-tube and ballistic tests. A simple application of these data to

flight of a bluff bod_, i meter in radius, at i0 km/sec at 60 _n. altitude_

shows an expected radiative heat load of about 200 vatts/sq cm. This is

probably not too serious, but the precipitous increases with increasing

speed impels us to pin down the answers more precisely. The chief

experimental tools for this work are shock tubes and ballistic ranges.

This is not to sa_ that no other facility can supply a hot-gas ssmple for

study_ the chief Justification advanced here is that the thermodynamic

state of the gas in these two types of test is quite precisely known and

relatable to full-scale flight _ since the mode of heat addition to the

gas is identical to that in flight, we have even more confidence. For

these tests the shock tube was historically first and in same aspects the

more versatile facility.

Returning to the shock tube, Figure 13, we see that, as the incident

wave passes through the test section, it usually duplicates the normal

shock ahead of a hypervelocity blunt body. The absolute spectral emission

from the gas behind the wave front c_n be determined fron groups of

radiometers placed to look through the test volt,he. It has been found

possible to survey with sufficient spatial resolution to unravel same of

the chemical changes within the reaction zone behind the _ve front. As

these net reactions cease, on reaching equilibrium, the radiameter m_asure-

ments yield the type of data on which Figure 12 is based. The reaction

zone itself has attracted much interest as well because the higher-than-

equilibrium temperatures result in radiation in excess of that which

would have been emitted had equilibrium been achieved instantaneously.

The chief advantages of the shock tube lie in the near-perfect

duplication of the essentially one-dimensional flow along the stagnation
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streamline near the shock. Only at very low air densities do the tube

walls interfere directly _ith the flow near the middle of the tube. On

the other hand, all measurements of radiation are distorted by emission

and absorption in the turbulent, nonuniform contaminated shock-tube

boundary layer. It has proven very difficult to keep contamination at

acceptable levels in many studies.

Much of the fundamental research on absolute emissive power of

particular radiating species and the reaction rates in the flow Just

behind wave fronts has been done with shock tubes. Recently precise

techniques have been devised for these studies in ballistic ranges.

Radiation from ccmplete three-dimensional flow fields is also measurable

in these tests.

Essentially the hypervelocity ballistic test gives us a small object

of known shape flying at known speed through a gas of selected properties.

Within _ulte broad limits it is possible to simulate the physical, chemical,

and thermodynamic properties of flows about full-scale vehicles. 16 The

thermal radiation from these flows has been studied for several years at

Ames Research Center. In these studies the absolute spectral emitted

power is measured with radiemeters mounted near the flight path of the

model. The bandpasses of these devices are made narrow enough to make

meaninKful engineering measurements of heating rates hut too wide to

identify radiating species. An example of such data for flight at ballis-

tic-missile speeds, taken from reference 17, is shown in Figure 14. The

general verification of the predictions at short wavelengths is clear_

the dependence of the infrared on model material is seen to be strong.

This latter point is a whole field of study in itself and heyond the scope

of this paper. The implications in the fields of radiative transport may

be seen.
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Thesemeasurementsweremadewithassortedphotc_ultiplier-filter
combinationsandareusedto deducetheradiaticmperunitvolumeat the
gas-capstagnationcc_ditic_s.Thesefiguresmaythenbeappliedpoint
bypointwithinthecalculatedshocklayersof thefull-scalebodyto
estimatecompleteradiativeheatloads.

Recently,asimpliedabove,IReishasusedthehot-stagnation-region

gasonballistic modelsasaradiationsourceandunusualmeasuringtech-
niquesto obtaintheabsoluteband-systemstrengthsof severalmolecular
species.18 Thespectralresolutionis sufficientin theseteststo make

accurateindependentmeasur_nentsof thetransitionprobabilities,oneof
thefundamentalpropertiesnecessaryfor rigorouspredictionof absolute
spectral_nissivepo_erat conditionsdifferentfr_nthoseof thepar-
ticular test.

It hasprovento hepossibleto calculatetheoreticallythespectral
distributionof relativeintensityof remarkablycc_rplexbandsystemsof
molecularradiators.Recoursemustbehadto eIperimmntif theabsolute
strengthsareto heknown.In practicethefactornecessaryto achieve
agreementhet_eentheoryandexperimentis found.Thisfactormaytake
theformof atransitionprobabilityor f--number.

Therequiredspectrawereobtainedphotoelectricallybymeansof a
time-of-flightscanningspectrometer.Thisdeviceis shownschematically
in Figure15. Asthemodelflies by in thefocalplaneofthecollecting
mirror,theluminousgascapactsasamovingentranceslit, sweepingout
thespectrumof theshock-heatedgasontheexit slit. (Thatthegas
capis theonlysourceof radiationin theflowfield andis indeedslit--
like in formis shownin atypical£mage-converterphotographof aplastic
model_Fig. 16.) The energy passing through the exit slit of the scanning
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spectrometeris divided;95percentpassesthrougha splitterplateand
onto thecathodeof anRCAIP28multiplierphototube.Theoutputof
this multiplierphototubeis recordedonanoscilloscopeandyieldsa
continuouslyrecordedspectrumoverawavelengthrangedictatedmainly
bythegeometryof thesystem.Forthetestsreportedin reference18,
thewavelengthrangewasasa rulefrom0.290to 0.430_.Figure17shows

atypicaloscillogram.Theremaining5percentof theenergypasses
througha narrow-bandinterferencefilter (100_widebetweenthe5G-percent
responsepoints)andontoaDumont6935multiplierphototube.Theoutput
of thisphototubeis displayedonanoscilloscopewhichhasbeentriggered
soasto start sweepingsimulataneouslywiththeoscilloscopewhichre-
cordsthespectrum.Theauxiliaryoscillogramthusallowsa specific
wavelengthto betransposedto theoscillogramdisplayingthespeetr_.
Suchwavelengthtranspositionwasfoundto herepeatablefromshotto shot
to +i0_.

Thetime-of-flightscanningspectrometerwasconstructedbymodifying
aFarranduv-visf/3.5gratingmonochromator.Alargeopeningwascutin
themonochromatorhousingin theregionof the intendedentranceslit
andthestandardcollectingmirrorwasreplacedbya sphericalmirror
whichfocusedat thecenterof thetest chamber.Further,thenewcollect-
ingmirrorwasmaskeddownto a rectangularslot to improvedepthof field
andto insureuniformilluminationof thegrating. Therise timeof the
completesystemwas25nanosecondsandwasdictatedbytheoscilloscope.

Anotherinstrumentwasdevisedin orderto measurethespatialdis-
tributionof radiationoverthefacesof bluff models.Thesemeasurements
wereneededin orderto substantiatecalculationsusedin analyzingthe
abovetest results and also to describe more completely the real distribution.
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Theinstrumentin pointrequiredthatanearhead-onviewof themodelbe
imagedon a plate having ti_y orifices opening onto a phototube (Fig. 18).

The system effectively registers any light radiated fram area sources along

the optical axis. As the model flies by the optical axis, a scan of the

shock layer occurs. Auxiliary equipment is used to determine where on the

model the scan occurred. In this manner the actual distribution of radi-

ative heat load can be measured. More recentl,v head-on photographs (Fig.

19) have been taken successfully using image-converter and Kerr-cell-

shutter cameraS.

These photographs have been analyzed, using step-wedge filters for

film calibration and microdensitometers for exposure measurements, to

yield similar heat-load distributions. The agreement betweem the two

systems is good. The advantage of the dissector is that it involves

fewer experimental steps ; the advantage of the mhotographic system is

that is permits complete determination of the distribution rather than

a few scans.

VELOCITY AUGMENTATION

Since tests at speeds above 7 or 8 km/sec are difficult in purely

ballistic facilities, we have superposed a countercurrent airstream which

can move as fast as 5 km/sec. This airstream is in a reflected-shock,

hypersonic-wind-tunnel test section and the models are fired upstream

(Fig. 20). Some data have been obtained in this manner at flight speeds

above 13 km/sec. 19 The most reliable of these data, where the flov fields

were known to be in equilibrium, extend above 12 km/sec (Fig. 32}.

The chief advantages of this test facility lie in excellent simulation
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of velocity,Machnumber,Reynoldsnumber,completeflowconfiguration,
anddegreeof equilibrationof all binary-scaledchemicalandphysical
changes.

In still-air tests, it hasprovenpossibleto reducecontamination
to negligiblelevels; alsonostreamboundarylayeris presentto distort
theresults. In air-ontestsit appearssimpleto reducecontamination
to acceptablelevels. Thedrawbacksarethatdataextractionis notsimple;
mucheffort is requiredto advancetheinstrumentsandtest techniques.
Thedurationof observationsis typicallyaboutamicrosecondandthe
attitudeandconditionof themodelmustbeaccuratelyregisteredbecause
it cannotbepredicted.Thethermodynamicsimulationof theflowalong
streamlinescanbequitenicelyduplicated,butit hasasyetbeenimprac-
tical to studyindividualstreamtubesashaseffectivelybeendonein
shock-tubeflows.

CONCLUDINGREMARKS

Theuseof shocktubes,ballistic ranges,andcombinationsthereof
in simulationof convectiveandradiativeheatloadshasbeendescribed.

Thecomplementarynatureandthehighlyindependenttechniquesusedin
thesefacilities lendgreatstrengthto theresearchresultswherethey
agree.Theshortcomingsof thesefacilities aresuchthat, if possible,
bothshouldbeappliedto importantproblems.Whenall-outperformance
is required,thecombinationof thetwocanclearlyprovideadvantages.
Thattheseadvantagesarebecomingmorewidelyrecognizedis demonstrated
bytheconstructionof newfacilities at ArnoldEngineeringDevelopment
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CenterandBoeingCompau_,Seattle,similarto thoseinserviceatAmes
ResearchCentersincethelate1950's.
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Figure i. Theoretical laminar convective heating at stsgnation point of

hypervelocity spheres.
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Figure 2. Experimental laminar convective heating at stagnation point of

hypervelocity spheres.
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Figure 3- Simple shock tube.
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Figure 7 .  Shadowgraph sequence shoving onset of abla t ion .  
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Figure 11. B a l l i s t i c  range arrangement and antenna f o r  thermocouple model f l i g h t s .  
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Figure 12. ~ Variat ion with ve loc i ty  of emissive pwer of air behind normal 
shock waves. 
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F i g r e  13. Nonepuil i5rim zone ai- radiation. 
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Figure IL. 
of several materials. 
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. .  Fiwure 15. Time-of-fl ight scmning spectrometer. 

Figure 16. 
5.5 lonlsec;  p, = 60 mm Hg. 

Image-converter photograph of polyfomaldehyde nodel in flight at 



MIRROR 

ORIFICE 
PLATE 

PLASTIC 
RIBBONS 

ORIFICE PLATE 

OSCILLOSCOPES 



' b *  

Figure 19. 
at 6 k m l s e c ;  p, = 60 mm Hg.  

"Head-on" photograph of polycarbonate model flying through air 

Figure 20 .  Schematic of C O u n t e r f l o Y  facility. 
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