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HEAD SHIELD IXSTRUWENTAT.ON:

by Eard W, Hicks, Jr.

DEVELOPVENT AND EVALUATION

NASA Manned Spacecraft Center

¥ouston, Texas
ABSTRACT

¥rthods snd techniques far eomftoring exitical
heat-shield paraswlers during spacecraft reentry
bave Been derrloped and evaluated. The required
instrazentation genteny for measurezent of pres-
®ire, temperature dlptribution, fncldent heat
flux, char, aod adletion sre discussed in detail.
The calibration and date enalysis, huopn and auto-
Batic, applied to the waricus sensora durfng alsu-
lated reentry evalustiss are prescoted.

INTRODCTION

Ween a It enters the

rounding w planet, it has & high Infsial nlocnr
vhick must be dissipated prior to impact. The

Lere a:ts as & xcchanisx o the
vebicle, tooverting kinotic energy of =otiom %o
Lhest. 7o protect the spatecraft froa locallzed
heating of boundary ged streszs in the regica of
10 NG0° F and abave, which produce bess rates up

o &9 nulﬂ.z-u:. therzal protection mysteszs
Lare been de=eloped. These systcss incorporate
nsatirials vhich ebsord azd dizsipats the heat
throust varicus methods {re-radistica, decosposi=
tlon, and inmlstisa), ke thecretical efficlency
of these materials caz be asalytically determized
wvith sufficient precislon for eurrent spacecraft
progracs, howewar, eptimitaticn of thesr systeas,
Fr=S tee eritiesl welght standpoist, cust be
ackiered through dynaaie Inforzation chtaized

during sciuat reentr:.‘n Until comparatively

Iizing matarial inforastiom gelhed from sicule~-
tico of rrestry conditicas In ground tect faci-
lities wnd through apacecraft recovary analysis.
Cocputers are extenalively used in data reductico
sod analysis. T3 sprly these techoloues of mate~
Tial perforsance analysis to a nonrecoversble
f1ight Nhlcle with any degrec of BECUIACY, ter—
taln fon Duat be during
sciual rweatry tine. Geoerslly, five naterial

TS arc measurvd: ablatice (surfuce
recession), rer (change in parent hent-shield
materfel properties). tewperature (narfae and
tubaurface), Incident Bewtrex rate {total beas.
ing rute inpul 4t the furfece), mEuurv
latazie).

T2e purpods of this paper 15 to dlscuss scue
of the seasing teckmiquer and probless ezcomtervd

ea the Apello Prograa In developinkg sensors for
these orasurement pefescterd.

INSTRUMENTATICN

The 1astrurentatiocn tethniques cicd In pewsur-
icg these parmeters are closely relsted to the
beat=shield material characteriatics and the re-
entry envirocoent variables. Ecwever, the basic
senscr design and euluucn pmhlm are comeon
to a1l pateriais. The 1o Progrza kezt-shield
eaterial {AVCO no. 5026—39) iz & phezolic/epoxy-
bovalac caterial, coapounded Into a fiber=glass
boacyccah. A typical mésguresent systea-coafig-
uratlon {s ahown In fiaure 1.

Pressuze

Statie pyressure pensurcscots are made By using
coaventicoal precalibrated preswure seasors.
The outside static pressure {8 channeled through
the hest shield to the trmssducer, via & F=2ll-
digzeter tube, The rajor problezs iaitislly ea=

were bale caused by liguificd

heat-zhield material, excessive erorion st the
Ecle locaticn, heat conduction by the alp-tube
to the preasure traoad:
azd slow respeose cavsed Yy dyapine, Mest of
the proble=s can te 30lved by using es alumine
tube with a 35% bend for beat abiorptica, asmu~
fuk a ststic or noo-dynxmalc surfece Beaguremint
iz required.

Tempersture

Sultsurface and surfute teperatures up to
S000® F can be meazured by usicg tusgeten/
tungsten-26-percent rheniwn thermocouples which
have Been flie-apray ceated with sirconliix
diberice or batniz cxide. “Yhbe inaccurscy of
these thermocouples 1s less than 3 percest for
subsuyface peafuresents sod leys than 7 percent
for myrface toaperztuse nemsure=enta. The estar
caused by the ther=mocoyple prevence in the mpte~
rial has pot been szalytienlly deter=fsed: dut
tecauye of the hish char conductivity, it iz e3-
tixated to accomnt for mart of the detectable
errcr found vhen the thermocouple is exposed oo
the paterdal rurfese dovles testing. Flgu-e 2
shows the oozt accepiable senaor foond for these
‘The wire dianeter 1s 0.005 inea
and coating thicknese {3 dotween 0.003 and
0.0)1¢ inch.

Superscripte Tefer to raferences listed at the end of the paper.



Iseldent wurface heating rate

A dfxrootimums mesyitezcal of fooident Deate
ipg rate gan be mede by using w meries of
Mgtacked* caloriseters Baving ah extremuly fast
Terpoote dine (Iexs thas 100 millisecondal, The
technique of beating-rate wrasurezent is derived
fron the principlea of Gardon aaloriceters apw
phisd Lo yeising elmnu hhrtelkﬂ oo Tatd
*pTRy rokted humg
rhenfus wives. A suuo sensing =lemank is
siwwm in figure 3. Thedr sle=inils are installed
into & cylinder of beatw¥dield material in = men—
ver similier to tiat used for the the
shovn in igure 2. The dcomors fedted o diate
destoastrated the technigue reut.huny.. heprerer,

materisl. Sericus devisticae Ao thewe chersoter—
2isy rexolit In large pesniocestat ITEYE. THA
soiree consiata of a a.osas-in:h-&:m-: asmins

tubs conteining cobalt® or mmm wuapraiel in
= afilcone fiiler {Dow Comming 325}, The iube
wall tiieksens mnd malting point ere cxiticad for
a0 accurate newsureacht souree, 49 fe the uniforn
fnctope Alatritution within the tube,

The walidity {and thersfove the Sata srouresy

224 relisbility) of the calibvaticn of & Sennor
1n ot:w nllunumoed Yr the enginesr. Binde o

the paicnisted exiibration
tp te ) pereent In scmy Faser, X3 & THWULY of
Ingdeguate stability of the reference Jesction.
¥odified senzor déslzne cen reduce this error to
% tofershle evel &F IR to 15 percents bowwyor,
sdditiona] develupmental testisg is considered
pecessary prior to spacesraft applicativn.

Car

The loas of viTgin test-shield oaterial nay be
ponitored in sany Vars, Al dopendest on the fical
tesperature £t vhich the material fcaes ita effee-
tirvencss k4 & thersal insulater, The post effue-
tive, sseurate, &3d coly continuous bethod fouwdd
& Zxte utilizes s radtosctive “Iine™ wource embed-

2ed 1n the bestoanleld material. 2} fhe poures conw

sists of § to 10 m mercaric wabfide {26700} sune
pendes upitersly in s £I3ler materizl {Faocant
31.A) whigh ix contained in a 0.0625-{nchedfcorter
teflen tube. Thie mixture vaporizes st spproxi-
Eately BY0% ¥ [avarage heat-ahicki-caterial char
respersture).  Onoe chisge of #tatc oocurs, the
source Iy outgeased along with the material dows
tatperaturs filiers. As the soures is catgassed,
tre pumber of grome enfstions per sesdud deerassen
{onxlly, Yhese smiszions are ctinted iy &
rdainture Ceigers'fueller {G-F) ditection package
which lg yenotely located and geatratos a O to
5.9 ¥-de outpet sigead. The bagic syatex i3
abewn In figure bo An ebedded souree i3 shown
In Tigare 5.

Aelazion

Since the ensly Te2 reeptey venteten, (3] he
ot sgeson netiod for messuricy beatoahleld-
sagerial surfane pecession {ablatica} bas been
through the use of rediclsstopes described inm the

recsding ucﬁm nﬂ char neuu:\,—.enn. The
rae” wouree and
are Sdentical. “ihe Tuntemental differvore Lies
in tre apurce beksvicr during meterial cher oud
subsequent ablatico. The shlstioo senticg ele-
ent Twit follicy the raterinl wurface soolmg as
it Teceles a5 cpposed o following the decomponl-
tion zoot &5 i the case with the char wenser.
The ccapiste slesent {tube, filier, activity} s
required $o kave ehsracteriesics similar
iy behsvicr to those aseribed ta the hegt-shield

af the senser calivraiien
and resuliant feshing is required In the splics—
tico of thess senscrs, a4 briel discossica of each
1s presonted.

TAtUre

The th les € fe: ten-26 pevre

oxat rhenlus} o4z e cAllbraned before fustalls-
ticn by using » vacc furnate 4nd checking the
eartput sgainst stasdard Mationsl Puresu of

Standards comversions mln.“ After Inxtaliz-
tion, they can be cheiyed up t6 2200* P against
chromel/elumel iobedded thermatopl

Heo® P fer abare] viwn exposed
orlese. & Mil:t'ﬁtz‘ sesaitive uitre.violet
rsdiceeter, coryected for fleue tespersture, 1:
used Tor SLnscy NURfese temperature peasurenest
rposurs tizs, amqmu.mw.mh
artained waipg motion picturex aod good Flters.
Evaization tests vaich are conducted cotside of
& veomn furzmice should sttept to slentate
clokeky the TeastTy sovirooment in gider to nain-
¢ain presuresent wvalidity galvoed in momesianisted
saviroepcotal doaditicss.

Jocidest Burfeow Essting Pste

A Gamion sepsor calibratios can be applisd to
she gplurinsters, an shown balows

2 <, ol2 » 57}
Ay o m Sl e £ e 8
¥here
Q Ineldeat brat Tace dn Btaficiosen
o, ee cmytents
e theraoelectiie pobentinl
t tine
x thermal eosdustivity
# conatant viich defines varintion of
k owith T
& constent wiick derines varistion of

¢ vith T
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T teaperature

r!('rni congtant dependent ¢n yeference Junc-
tied temperature

0 mubseript denotes Initia) tecperature
ralucs

At tie predcat tize the gecomd tern in thz equa-
ticn iz used to cocpensate for decreased sensor
output cansed by fncregsed reference-junction
tecperaturs. This tern cun be ecpirically detera
ained using any known redlant heatice source by
zonitoring the mate of chapre of the reférence
Juncticn te=perature, The additfca of thiz term
ka3 reduced the Inacturecy froa MY percent to

15 percent in laboratory tests. Testr conducted
cutalide of & radiznt heating facility should sin-
ulate reentry-eoviroczeat conditions to zaintain
the valldity of this celibration when applied to
heat-shicld erasurezents.

Presgurs

The precsure sensor can ke calibrated usiog a
standard “desd-weight” testinz [.cility. Thbe
validizy of this calfibratica cust be substantisted
using the "presyure tabe”™ In ainulated reentry
carlroczental conditicns.

Char arnd Ablstica

“The char asd ablaticn senicrs are callbrated by
plottfnz the source length sxainst radioactivity,
and radicactivity asalnat fmstmment cutpus. The
source 15 ¢yt {cto 10 equal segents, vhich are
ebeeked for unifo=mity =f radlolzolope. The aeg-
=eats are then placed 1o thelr original order and
rownted on m platforn Eaving the required shield-
ing gecectry, While monitoring the oatput contln-
uously, segments are recoved, resultizg in & ser=
ies of discrete step functiosa {D.5 =V per stepl,
with cach step representing re=cval of & known
a=ourt of radicsctivity. A s=0oth curve of dis-
tances plotted sgains? voltage caa be cbtaized by
extrapolatics betwees 3teps. ThHe SENIcYs can be
crecked fo aimulnted reeatry conditiocs genersted
bty plems arcs using coo-activated sources and
ecasurizy end polnts by X-ray and sectisolcg enel-
rsiz. Retivated sensors can be dyme=ically
checked In partially simulated conditions gon-
erated by oxyncetylene torches. The inmcraracy
L rezulticg fron atatisticel fluctuatirn presest

in any zuclear counting systea s given by 15}

L .‘%'
where
’1' counting ¢rror per secoad
T nusber of counts ver second

RC tize constant ¢ tounter

Generally, this error represents leaa than

0.040 inch {2 percent) for s 3000 CouRt~TEr-seo=
ond, Z-inch-leer sensor. The error resulting
froa poa-uniforz dfstributies of rsdieisctope is
sapproxizatcly 3 percent. The tolal sysied crrer
i¥ 5 percent or lcss of the total meagurecest
length.

Sensor Quallficaticn Testics

The qualificatica testing of thase SEnsoTs
skould te designed with two apecific purposes in
eied  First, to detersine the degradatica af the
calitratfca curve of the senzor canged by the re-
eatry envirccoent {effects of shear, oxidation,
tesperature, etc.); and second, to gemerute a
sufficlent quantity of experimental data with
wvhich to express the pregurement parsoeters {a
teins of reentry cenditions. Sinre the oaximm
value of the reentry variadles which can be ex-
pected to influence the senmsor {surface tesperm~
ture, heatizg rate, enthalpy, skear, and oxygean
partial pressure} cccur at different real tizes,
it iz possible to use Affferezt types of
test Tacilities for reentry sizulaticm beatins.
In pertizuler, thres facllit{es lend thecselves
¥ery welil to gezeraticn of acceptable enviroo-
rental coaditicos for evaluaticn of best shicld-
“hey =are play=s ero-jets, cxyrcetylene
torches, ked lowspressure rocket-exbguit cheabers.
Fable T lists 2k “iest™ points obtalned frem this
combinasion of fecilities. The mumber of test
poicts reguired to provide surficleat data for
parszetsr anslysis of the censors i3 deterzined
bty the mster of environzental warlables acd threlr
range. It bas been fousd thet il lour densors
shpuld be subjected to aprroxizately idestical
test conditicns 1o crder to provide sdequate cor—
relation betveen tic datm, Fixures 6 to 9 arc
typlcal outpit airnals for tesperature, heat-flux,
molaticz, and char seasors vhick were tested in
sizulated enviroasents. Fimre 10 13 = co=posite
garve wains data fro= all four sensors.

DISCUSSICE CF DnTA AZATYSIS

The szalvals of test detm grzeruted by the
censort curizs aizulated reentry comditices can
be divided inte tvo separste catesoriez, bE—an
azd auvtesstic,

Buzas Aealvels

E=za anelv#is utes prizarily ciysleal epera-
ticns {such as sectioping, dicensicoal reasure-
ment, data converzien, and plottinz) aad visual
obzerraticnos [such ks curye zicpes, Xoray wnal-
yais, cutput continuity, acd motion pictures)
based on enxineering Judsment. Frem thia type of
analysis geacral eozelusions =ay be inferred per-
tainipg to naterlals compatibility, besfic senser
destgn, scturncy of calibration, relisbility with-
in the test cnrirecseat, aad gross eanvirormental
effects,. It has been chzerved that during rela=
tively high ahear forces {above b Jb/aq ft) thin



eireular dlaks tend to "pop" out ratber than
sbhlste continueusly., At lov beatingk rutes {less

than 50 Btulnz-nc). crar Tormation becomes cen-
tinuous, and the decocposition "itne™ becttes a
vt band &8 & result of sbaence of chenrvadble
ablation and lov surface temperatures {epproxi-
mately 2500% P). At high beating rates (500

Blnln.z--e:l oot materials tend to melt or oxi-
dize below the surfece, and char and ablatisn
Tates wpproach steady-state values, vhich tead to
remaln constant over wide wariations of surface
eonditions. Deviatlens frem the stnsor ealibra-
tion curve can usually bde deternined in this phase
of analysis by compleie fallure of the senmor or
by large orrora betveen seasor dats wsd vhatcver
is used a8 @ stendard reference. For sxaople,
winsulated 26 P cent rhenims
dly ind d taterin} sur-
Tace '-a:'pentm: of 3000° F. Eowever, optical
monitoring devices shoved the frue texporaturw
to be in the LOGO® F to ASOU® F range, Thais 4if-
fe=rence coastitutes a 33epercest ertor. When
eeatiited vith lhsuleted theroocouples, surface
tesparatires recorded ranged from 4200° ¥ to
L500° P, with the chbserved crror belng betveen
S und T percent.

Puzan analysls can be uscd to screen 2desigms,
deterzine basic calidbratice errors, and extablish
sininum levels of confldence for Beagurenent lh-
tegrity end relfsbility. For canned spacecrafs
spplications, higher coafidence levels wre Te-
quired.

Astocatic iz

Aute=atic analysis icplies the uiz of date pro-
cessing equipment sach &3 computers wd CR plot=
ters. Cooputer Drograds heve been written to
craluate hest-shicld matcrinls in terzs of the
Dessured tempersturs distribution within the
raterial as opposed 1o enviroimestal parsscters.
Onc #uch program, usizng "rexressicn mnalywis™
techniques, has been previovsly used in the
Apollo Progras. It would appear that similar
analysls techniques could be used to izcresse
confidence levels of scnsors tested in the par=
tially slmalated reently environzents of predent
around test facilitics end thet this se=e pro-
fraz could be used to establish 3 "standard”
reference with vhieh to compare the Sutiput frem
eath type of scnscy. A progras 1s cuTTently Ba-
ing written to aseasplish these aizms, using the
¥gnned Spacecraft Center T09% cemputer. The
physical aspects of the progre= are as Tollows:

1. Each type of senzor i tested In besT
identical ¢onditlons gencrated bty plarsz-arc-jets,
cxyacetylene torches, and lov-pressure roclket eo-
haust pasbers,

2, %be test conditions sclected are maximimg,
inizuzs, and several intemmvdiary points of cach
wajor environmental variable (shear, beat rate,
enthelpy, cxysgct partial pressure, and total
presture. )

3, Tha total test dsta, enviyonaenl and aen=
sors putput, are processesd bty the coaputer to
¥1eld an equaticn of the form

fixc) mwy ¢ ny {yyt) 40 (ytd s ..
- lnfltrnt)

x scusured paraseter variable (tewperature,

sbletion, char, and Incldent beat rate)
4 constantz

eavirennental varisbles

tine

For a given set of envircmental conaitiona "1‘
Tar -+ + ¥} cperating for a given tine inter-
val at, the soation Bas & positive, incremsing
walue 43 ¢t increases. It i3 then possible to
substitute snd-point yalues for three left-side
varlables and nlot the fourth for a given time
interval. This walue of z,.(n). wvhich is com=

puted uslng the dsta frem the other three sen-
soTE, tan be directly compared with the data
generated by the fensor seamuring £, (xt). This

technligie hes yielded information concerning the
influence of esrvirermental on the #en~
soT owtput. Additiceal cocputer time vill be re-
quired to ate that the has
wigue values for I.ncmsiw time.

SthEEY

The neccstity for evaluation of Rest-shinld
raterials &urizg astusl spacecraft Teentry had
provided the stimulaticn for developing specia-
1ized insttuncutation and calibration technigues.

70 satisfy these spaeecraft requiresente,
speedal festallatiom designs, calitretion tech=
niques, and 2ata anslysis methods have boen de-
rloped foT pressure, venperatiure, sbiatics,
char, e£d brat-retc mensuresects.

From information obtained by thesc sensors,
1t may breate poisidic to roduce the tice and
cost inwvolved in best-gbicld materisl selec=
ticn snd qualifization; to understand Dore atcus
Tately tie physics of reentry and thereby predict
Teentry ecvirprments with higher confidence
levsls, =nd to dealgn otheT EOTE ACCUTALE MENIITE
vith wvhich to fncresse the overall Eammed space-
¢raft therzal protaction gystex analysis.
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Figure 2, - Temperature sensor
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Figure 4, = Ablation/char measurement system,
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Figure 5, - Radicactive line source
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