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Ll

Three signiﬂcant phases are representative of the total environment to which the
heat protection system was exposed: . asc¢ent heating, susmmed hard vacutm, and L

" plastics represented a: practical design solution for re-entry satellite vehicles and
that the “éffective heat of ablation" concept. 15, {nadequate for aggnmte analysis of ‘

' thermosetting plastic matermls. A i \w.}h;‘. : ; L

) INTRODUCTION s

The Discoverer re-vﬂntry vehicle, designed.and developed by General Electric
Company's Missile/and Space Vehicle Department, under contract to Lockheed
Missile and Space Company, was the first man-made object to he recovered from
an orbital mission,.. The purpose of this paper Is to present the congiderations that
influenced the design of the re-entry heat protection system as well as the methods
em‘pioyed in predlcting anu‘ verlfying the‘syStem:-perIOrmance capabilityw;._“

The Diseoverer heat protectlon system:. designmm»pionmmgaeﬂom..ﬁ involved *
a minimum-weight, highly efficient, and relfable design for a vehicle that was e

be exposed to an environment that eventoday cannot be completely reproduced ln
:mulatbrs and large-scale zur are facmties : g

re-entry heating. Of the high-temperature materials for the heat protection sys-

tem that were considered for this environment; the ablation approach was. Iaund : i

most satisfactory [ar minlmum veight and: efiicient reltable design.
I.nvesugatlon of several class"s ot ablation materlals showed that thermosettmg

A review of all aspects uf the Discoverez deslgn is presented, including the envu-on- _
ment definition, selection of the heat protection system, system design techniques,’ ' "

tem design technology for' satellite heat protection since the inception of the Discov-

erer design nre reviewed where applicable. ol
T i iy ww.y v&u 2

and the predicted vehicle capability. Significant advances that have beenmade inthe'syss o
£
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Il. DESIGN CRITERIA AND PROCEDURES

The sizc, shape, and weight of the Discoverer re-entry vehicle were dictated by
systcm requlremcnts and bogster capabilities. Preliminary design trade-offs
determined that the configuration should be as shown in Figure 1. The shape i is
esscntially a sphere-cone._ Inside the heat shield, which is shown ghaded, analumi-
num capsule is housed. After vehicle rc-entry, the parachute cover is ejected and
the parachute deployed. The parachute drags the aluminum capsule out of the heat
shield; the shicld is discardcd, and the aluminum ¢apsule carries the payload safely
to the unpact area; It is with this configuration that the discussion will begin. ’

ENVIRONMENT . °

The re-entry capsule is subjected in succession to ascent heating, degassing in
space, the hat and cold extremes.of space, and re-entry heating. The ascent heat-
ing environment is adequately represented in terms of the aerodynamic heaung rate
-as 2 function of time, - ‘This is shown in Figure 2 for the desxgn, or maximum hent-
;mg, trajectory. The gas cap thermal radiation flux is neghgible. o

.During the orbxtal phase the prime environmental parameters of concern werc theE
* high vacuum and the low space témperaturé.- The vacuum was of significance be-"" .
“cause it innuenced the material selection in terms of mtgasslng rates. . The space
-tempernture was’ important becauge it contributed to low shield temperatures. and,
coupled with the sun, gave rise to large temperature gradlents in the shield :

'd:ents.

'T!‘e re-entry environments far the stcoverer vehxcle represented a sxgniﬁcant de- B
‘parture from those encountered by the ballistic missile re-entry systems.. A’ com~"
parison between trajectories of a typical low W/CpA ballistic missile re-eéntry vehicle
and the Discoverer vehicle is shown in Figure 3. For the satellite, deceleratlon o¢- :’:.
curs at comparatively high altitude. The d:!ferences between ICBM and satellite heat-"
ing environments are partially {llustrated in Figure 4. For ‘equal ballistic factors. - .
and identical com‘iguranon and size, ihe peak heating rate ts higher for the, missile, L
but total heating is greater {or the satelhte because of the longer tigie involved. . |
Thé longer healmg pulse suggests thnt there will also be a longer time for.the heat- .
to'peénetrate the shield. Although ‘aerodynamic hexting prediction: methods. had been

" checked in X-17 Research Test Vehicleé flights and verified at higher velocity in long=
“range ICBM heat~sink mghts, similar results weére not avaxla.ble for ablataon mate- B

rial performanc e .

| thure § shows the predxcted heat transfer to three locaﬁons on.the D!sooverer
body for the design limit condition. The peak heat fluxes for the stagnation point,

beginning and end of the conical sklrt correspond to r?:‘iaﬁon equilibrium temper-
atures of 3780°R, 2640°R, and 2240°R, respectivaly

Pl

a )The mlegrated fluxes are such that if they were used to cvaporate water, they
would require water blankets that were 2.8, 0.7, and 0. 4 inches thick for the

three points, taken in the same order.
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MATERIALS CONSIDERATIONS AND SELECTIONS

The three genéral classes of materials considered on a preliminary basis for ap-
plication to the Discoverer re-entry vehicle were metals, refractories, and plastics.

Metals

‘The use of metals for heat protection has been largely confined to heat-sink and.
radiative type systems. 'Heat-sink protection systems, which simpty absorb the
incident heat flux, are usable where both the heat transfer rate and Integrated heat
flix-are small'and weight is not a primary consideration. Radiative systems rely
on high surface temperatures to reject the convective heating. Both the peak hesit~
‘* ing and integrated heating of the Discoverer design exceed the limits of efficient,

- lightweight, available metallic heat-sink or radiative systems. .
_ Refractories ' '
Refractory metals generally fall into the radative class of heat protection systems.
Graphite, however, combines the radiative praperty with mass transfer cooling due
to its oxidation and sublimation. ' The injection of the carbon moncxide gas into the -

. boundary layer "thickens" the boundary layer, reduces the temperature gradient at

' the wall, and thus. decreases the heat input to the surface. Oxidation.of the carbon

1 the boundary 'ig.-y_ez: somewhat offsets the‘m-as_s_.tx_'ansfgr coolj{\(; effect.

. Quartz is 'another"i-éfi'actor& that combines reradiation with mass transfer cooling. -
and vaporization. “Under ‘high heat fluxes quartz softens, then vaporizes,. at a very
high temperature.  There is no ‘oxidation effect from the quartz injection into the «

till in the laboratory development stage at'the time .
hus could not be considered seriously for the short- -
for the ag@ellite _xje-gntr'y appl-ica.t.ion.

”Unon_',tun:i‘tély‘, 'Agrap'hit e'was s
of the Discoverer design and t
rangeé program. - Quartz was foupd too heavy

Plasties -~ .- _ _ ‘ ,
Thex;é- ére basically two typés of plasiics ‘that 4caiu be usedfor x‘e-entry.he‘avlt prétec’-
tion systems. One is the thermoplastic type, such as teflon, which is characterized

by a decomposition process called depolymerization. The depolymerization process
reduces complex hydrocarbon polymers to monomers, with a consequent absorption
of heat. . The monomer oxidizes and the gaseous products are injected into the boundary
layer, providing mass transfer cooling.  The second type of plastic ig the thermo~ '
setting type; such as phenolic. A similar depolymerization process takes place, -but
instead of 4’ complete removal of matertal; a solid residue is left behind in the form

of a nonuniform crogs-linked char sponge. The char acts as transpirationfcooled in-

sulating layer.

at the thermosetting type would best meet -
the Discoverer heat protection system. The
mic properties sought.in the ablation mate-

An investigation of these plastics showed th
the weight and reliability requirements for
desirable thermosetting plastic thermodyna
rial were:

1. A low thermal diffusivity and depolymerization temperature, to minimize
the amount of heat that is transferred into the structure.
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2. The formation of a strong char layer with predlctable properties.

3. The formation of a low-molecular-weight product to provide the most
efﬂcl ent mass transfer cooling agent.

Phenolic nylon was found to best meet the overall system requirements. The char
layer formed by the nylon proved to be an efficient reradiation device; the degrada-
tion phenomena that occurred within the material provided an efficient means of

“absorbing the heat that did get through the char. This combination ablation-reradi-
auon system was especially suitable for the re-entry satelme environment. . .

The load—carrying structure selected to back up the phenolic nylon ablation mate-
i rial was phenolic glass. This structure was carried over from earlier heat pro-
tection system designs, where the glass structure was found most reliable

DESIGN TECHN'IQUES

B Ascent thh

Because an orbit temperature control coating on the outside of the sh:eld could be ’
destroyegd by ascent heating, the orbit design was based on bare-shield optical pro-
perties. ) "Thus neither the’ high surface temperature during ascent nor the high
outgassing rates of the hot shield ruilified the orbit temperature control gystem...
Outgassing effects were found insigniﬂcant with regard to shleld performance when )

o coatingwasused e e FERSI R

i Orbital Flight

‘ 'I‘he pnmary eff ect upon the shield durlng orbital flight was thermal stressing caused apa

by large circumferential temperature gradients inthe shield. The lieatinputs consisted

‘of ‘direct solar radiation, albedo fluxes from the earth; and direct earth emlssmn.” R

" Free molecule heating wag insignificant, since the recovery capsule faced aft in
the normal flight attitude. The orbits considered had perigee altitudes around 120

- nautical miles: The incident radiant flux was determined using MSVD's Orbit Heat .
Flux program, which combines an oblate earth celestial mechanics program with the
heat flux equations arnd geometry. The three-axes stabilization system is also used

‘by this program. Shield temperature histories were calculated using a general three-

. dimensional transient conduction-radiation computer program ; that has been ln op-
. eratlon at MSVD Ior several years. S Lo . g 8°

. Re -entg v
It was found very early in the design that the most severe reeentry condition t'or the.
heat protection system occurred when the initial re=entry path angle was smallest;

" or, in other words, when the flight path at 325; 000 féet was amelmately 89 degrees"

‘ from the downward vertical, The governing criteria ‘were: (1) that the temperature.of

the structural phenolic glass.liner be held below 900°F, and (2) that the temperature

of the capsule mounting ring be held below 450°F. The requirement for the struc-.. -
ture temperature was based on the combined aerodynamic and buckling acceleration
loads. The ring temperature was based on the rigidity requirements of the explosive

piston mounts.
@ Aerodynamic heating prediction methods are presehte’d in the section on re-entry. .
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Laminar convective heat fluxes were caluclated by Lees’ classical solution of hy-

personic heating, with properties evaluated at Eckeri's reference enthalpy state as

shown {n Figure 6 (Ref. 1). For turbulent flow the heal prediction was based on a,
momentum Integral technique suggested by Walker (Ref. 2). Both prediction methods

have shown good agrecment with long-rangc ICBM heat-sink data. -Scala and Warren

(Ref. 3) have since shown, both analytically and experimentally, that only for re-entry
velocities much greater than 26,000 fps will the cffect of ionization significantly modify

the convection laws. In accordance with ICBM flight-test data, the transition from ‘
Iaminar to turbulent flow was. based on a local Reynolds number of 200,000, which I
indicated that the flow was laminar throughout most of the flight. The inviscid flow .

" . field conditions were determined from MSVD's hypersonic flow field program for -

o “maximum heat transier or shallowest cntry angle.

‘gases in chemical equlhbrlum (Ref.  4). Gas cap thcrmal radiation was determined .
using the same f{low field and: high-tcmpemlure air emissivity values, ‘but was. -~ -~
found to be only 1 percent of the convective flux. Nonequilibrium radlatlon becomes

slgnifxcant only at velocmes well above 26, 000. fps.

During’ re-entry, ‘the vehicle motlon is a result of combined spin and yaw. 'I’a ac-
‘count for the resultant angle-of-attack effects on aerodynamic hedting, a correction
" factor, derived analytically and correlated with cxperimental data, wasapplied 1o the
heat fluxes calculated for zero angle of attack...Figure T.shows the-correction factor
g ot O/q for the cycllc motlon as a function 'of the maximum angle of at!ack 3

fox' the threé ‘key body posxtions The body- or{entation with respect to time was o Al
determined Irom sxx—degree—of-freedom trajcctory amlyses. . G .',:z..‘f :

The thermostructual shiéld configuration and thickness was based onthe established de-'- o B
sign criteria; and the convective and radiative heat mputs Were delermxned for the SNt

Tnere were two approaches amllable for calculating Lhe shield degradatmn and tem-

perature response. The first was the seemingly crude approach of using:an. Yeffective-

heat~of-ablation, " Q*; in a conduction heat transfer analysis with the “condyetion' L

' temperature evaluated from ground data. Figure 8 shows one type of correlation” =" -
of ICBM and 'ground-test data for spherical nosc caps of phenolic nylon, It is' note- whe
worthy that a simple correlation of Q* versus’ stagnatlon enthalpy would providéa . .
reasonably good description of the complex transient phenomena of the reaction o,
kmeucs, the char formation, the gas flow through the char, and the mass €ejection

" into the boundary layer. This correlation technique shows. considerably more scatter

“when it is applied to the cone or cylinder sectlon‘x of the vehicles, where the heat o,

flux is low.

‘I‘he second method l‘or calculating the shleld response took a complﬂtely dllterent i

" approach, using the MSVD REKAP analysis. 'Thé REaction Kinetics Ablztmn Pro-~
gram describés the entire physical process. Data “taken from lndependent tests are
used {o delermine the reaction rate constants, thermal conductivitics; specific heats,
and other pertinent physical property data for the shield matcrial.. The REKAP anal-
ysis uses this data in calculating the shield performance as shown in Figuré'9, which
fllustrates the ablation process. The calculated heat flux is applied, mathematlcally,
to the ablation material. As the temperature of the material rises, a reaction begins

@ )Thls {s most plausible for the ICBM case shown, since mass additton is an im-
portant parameter on high-hcat-iransfer locatlons. ‘
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to take place whereby the material decomposes The reactionproceeds until there are
no reactants left, leaving behind a residue called char. In Figure 9-the reaction zane
is at about the midd_le of the slab. Heat is applied to the material at the front face. -
The gas geacrated by the reaction passes through the char and blocks part of the con-
vective heating, Some of the heat is radiated fron: the char surfice. Of the heat that
penetrates the char, most is absorbed in the gas flowing from the reaction zone: The
apparent high specific heat of the gas is the result of the cracking processes taking
place as the gas is heated. The heat that gets past the char layer is then split be-
tween the heat of formation of the gaseous products and the heat conducted through the

virgln plastic toward the back face.

‘ Both the Q“ and REKAP methods bave been applled to ICBM designs being conducted
~at MSVD. Ingeneral the Q* method has been found adequate for certain nose cap -
- 'designs(‘*_) but too. inac_curate for the low: heat flix regions that are characteristic of
‘low-heat-transfer regimes. - Consequently, for the low {lux regions, relauvely'la'rge
. safety factors are required if the Q* method is used.” The REKAP analyses, on the e
other hand haue shown excellem correhnon on all parts of the body oot 5o @

Since the REKAP was ln its ininal development at the time o[ the stcoverer des:gn,' '
the less accurate. Q* method:was used. As much ground-test data as could be gen- '
erated was used to reduce safety Iactors toa mmlmum ¢ I K © ]

. ‘The s!ueld tmdmesses thal resulled fro:_n the design study are shovm in Figure 10.. .
:These are the thicknesses that will be considered in the discussion of: the._cap.ab;ﬂlty.'f.;

“’Thése designs are characterized by large loss ol mass and dimenslonal change.
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IN, CAPABILITY
PREDICTION

Ascent Flight

As implied in the few statements concerning ascent heating, the ascent problems
were essentially circumvented by the elimination of optical coatings for orbit tem-
perature control, Figure 11 shows the outside surface temperature histories for
the three key shield points. The point at which the flow turns laminar is apparent.
Allowance was made in the orbital studies for the slight variation in infrared’ -
emissivity and solar absorptivity between the charred and uncharred materials.

ji:italmg T

neghgxhle after approximately the first orbxt ‘The cyclic character of the curve is .
‘typical of transient responses from the satellite surface for flights alternately in the
sun and In the shade. To illustrate the thermal gradient problem, Figure 13 shows
the average shield temperaturc as a function of circumferential- posltion It Was .

" found necessary to cut the phenolic nylon w:th circumferentlal slots to. overcome the A

~Tbond line stresses.

Re-entrz thht a0 @ 53 onf TTEN S NI oo TG om pF ol o O '. .
From the heat fluxes of Figure 5 the tc.mperature and ablation historles shown in
Figures 14, 15 and 16 were derived. The effective heat of. ablation, Q*, forthe -
phenolie nylon was determined from the plot of Q* vs hg (enthalpy).” Q* was’ used.
as a constant in this analysis,. based’ on the average ‘enthalpy over.the heating time."
These responses are the result of the maximum heating trajectory that was antici-
‘pated, which was found to occur with the combination'of a re-entry velocity of .-

26, 370 fps at a path angle of 1. 46 degrees, both measured at 325, 000 feet altitudé. 3 L

,"Under minimum heating condxtlons, ‘with a re-entry angle of 4. 4u dﬂgree-:, ‘the.
" integrated heat: flux decreases by 40 percent, the heating time by 40 percent and

- the resultant depth ot char by approx:maiely 40 percenn -

As in all destgn studies, .one of the key quesnons is: Wm{ are the eﬂec‘s of the
“tolerances in thermophysical properties and variations in design due to-manu-~
facturing folerances? To resolve thls problem, a probability and error ‘analysis _
was undertaken. The parameters studied are listed in Figure 17." This is an_
interesting analysis of the significancé of each variable. In calculating the overall .
effect, it was assumed that the parameters are stochastically independent, : that the -
effects of variations in the parameters on the structure temperature could be up-
proximated by a linear relationship, and that the variations in values'are normally =
distributed. The individual effects can be recognized on the chart. When the root-
mean-square 3¢ limit of structure temperature is determined using.the information
‘presented previously, it is obyious that the design is adequate and, in fact, can
gsurvive more extreme conditions than originally required. From another point of
view, the vehicle could accept 2 greater payload and still survive 3o conditions.

10
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VERIFICATION
Ground Test

Ground test verification was provided by material'tests, subsystem tests, and system

tests. The material data were discussed in the section on design procedures, :where
- the simple Q*'vs hy plot was found to adequately correlate diverse test conditions, at

least for high heat fluxeb. The- usual tests for other thermal properhes were also

~ conductéd.’
A strictural subsysterh tes.t was performed to ensure the adequacy df the design

under the high re-entry temperatures. Figure 18 shows a schematic of the test
- arrangement. The shield was hared to the phenolic glass structural liner; the

degraded structural: properties of the hot phenolic nylon left it with no load-carrying

capability. : The design conditions for the structural test were those corresponding -

- to the time of parachute deployment
: hmit of 900°F was derlved. :

Several heat transfer tests of complete heat shmlds were attempted but there was

It WAS t‘rom ;hts test that the liner tef_npexjature S

“: “fittle useful data obtamed The mam diff:cu[ty m these tests was adequate sxmulation 7

;'of the envir nment

. The Iow-temperature capahlhty of the shxeld was’ verified in cold saak tests. The
:f'f-adequacy of the design to withstand the temperature gradients experienced in orbit -
was checked in the Lockheed Bemco High-Altitude Thermszl Simulator Chamber.

Thus thermal tests were directed primarily toward material studies, the structural .

test promded verif 1cation of the desxgn Iimits, and the system tests were of the: .
.:go,no-gotype,. X 850, O o o . - L

anm Tests .

I\olfhght test data have been obtnined on the pertormance of the phenolxc nylon shield.

No shield fnstrumentation was allowad-on the flight vehicles; however, judging from

- the maintenance of internal temperatures’ w:thm the prescnbed hmxts, it cau be con--:

E cluded tha! the des:g': is adequate. B o

11




NRO APP..OVED FOR RELEASE 29 SEPTEMBEk .012

IV. CONCLUSIONS

The discussion of the limited test verification of the design capability concludes the
design review that encompassed the environment definition,  the material selection,
the design procedures, and the design capability.

The end results of this design effort can now be considered. First of all, of course,
increased confidence has been gained in design capability; but the main conclusions
to be drawn are the two mentioned at the outset of this discussion: (1) the suitability
of thermosetting plastics to satellite re-entry heat protection gystems; and, {2) the
inadequacy of tbe Q* method of analysis.

“The advantage of the-thermosetting plastics lies mainly in'the char formation and
high reradiation from the char surface. The need for improved thermosetting
materials, both with regard to performance and cost, has led General Electric to
the development of castable ablation materials. The casting process has consider-
ably rediced manufacturing costs while the ‘incorporation of additives and reinforce-
ments has permitted tafloring of the matérials to the application.

The development of the REKAP analysis has resulted in a detailed understanding of
the ablation phenomena. It has permitted the correlation of many diverse test data,
And, since it calculates the heat protection provided by each portion of the ablatian
process, it has proved invaluable in the development of new materials.

In addition to the development of the REKAP, two other computer programs have
proved essential in the design of this satelhte system. MSVD'$ Orbit Heat Flux
Program ‘was developed to handle the many combinations and permutations of orbit
tra;ectories that had to be evaluated in analyzing the system. Its use ras- provxded
exact design conditions as well as the probability .of encountering any given set of
conditions. It has.thus prevented overdesign, with its concurrent weight penalties
by permitting rapid determination of realistic, but extreme, design canditions.

Processes for configuration optimization were found to be amenable to mechanization.
Consequently, a Configuratfon Selection Digital Computer Program was developed -
that optimizes the external shape, considering thermodynamics; aerodynamics,
flight mechanics, weight and balance, and structural mechanics. Configurations
belonging to certain families can be evaluated with this program at the rate of

thousands per minute.

Thus, design capabilities have been extended by the development of computationai
techniques that now permit system optimization and detailed performance prediction.

12
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