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ENTRY PERFORMANCE OF THE MERCURY SPACECRAFT HEAT SHIELD

R. Bryan Brd
Chief, Thermo-Structures Branch
RASA Manned Spacecrart Center

Stephen Jacobs
Aercospace Technologist, Fluid and Flight Mechanics
NASA Manned Spacecreft Center

The flight performance of the Mercury Spece-
craft ablative heat shield is summarized with re-
spect to 1ts conceptual development, thermal design
and performance, and manufacturing and testing.

A full-scale Research and Development (R and D)
shield was flight tested to provide a qualification
of the ablative approach in general and the shingle-
layup glass-reinforced phenolic system employed in
perticular. Thermal performence parameters were de-
rived from this test which formed a basis for sub-
sequent analysis and predictionms.

Flight-test resuits from the seven production
gshields flowm, including the six thet entered from
orbit, are presented. Ground-tesBt results and the-
oretical performance predictions were compared with
the flight results and good correlation was found.

The. Mercury spacecraft heat shield performed
consistently well during the project. While abla-
tive in the general sense, very little mass loss
occurred and no change in shield thickness was noted.
The most dominant mechanism of heat rejection was
found to be radiation from the char. The engineer-
ing spproach to the shield design and perforuance
analysis was quite satisfactory and this type of
shielding system was considered well auited to sat-
ellite entry conditions such as those experienced
by the Mercury manned spacecraft.

Introduction

It 1s the objective of this paper to describe
tae development and flight performance of the heat
shield used for entry thermal protection of the
Mercury spacecraft. This paper considers only the
ablative protection utilized on tne forebsdy of the
spacecraft.

The Mercury spacecraft and its mission heve

been described in references - and 2.° Basically,
the spacecraft was a blunt ballistic vehicle sized
for a single pilot and for launch by an Atlas launch
vehicle, Tha launch-escape configuration for the
spacecraft is shown in figure 1.

The heat shield wes protected from the boost
environment because of its position in the space-
craft-launch vehlcle adapter., During the orbital
mission, the heat shisld faced forward in the di.
rection of flight and ves exposed to the near-earth
vacuum environment and to ‘emperature excursions
renging from 60* to 90° F. Bntry wvas achieved by
atmospheric braking along s shallow flight path
which resulted in deceleration levels of about 10g,
and maximm heating retes of approximetely

50 Btu/rta-uc. A coldewall heat pulse of about

8,000 Btu/rta was experienced in the S-minute entry
time for which significant heating occurred.

For reasons to be described an ablative shield
was chosen for the spacecraft. A full-scale Research
and Development (R and D) shield of conservative de-
sign vas built and flown to demonstrate the concept
of ablation as a means of thermal protection for
satellite vrhicles. Design, ground test, analysis,
and £light qualification of the prototype shield
followed and excellent performance of the shield was
obtained. A total of six orbital entries, four of
them manned, were carried out successfully during
Project Mercury. The thermal performance of the
beat shield and the approach to its deaign, fetrica-
tion, and qualification form ‘he substance of this
paper. Practicall; ro thermostructural analysis was
performed on the Mercury shield.

The structural considerction of moat coacern
was that for landing impact. Loading andi strength
analyses and extensive tests were verformed for this
condition. The discussion of this aspect of the
heat shield is not, kowever within the écope of
this peper.

Exhaustive thermal analysis was not performed
on the Mercury heat shield, but fairly complete data
on recovered shields were ob*sined and are included
in this paper.

Symbols
area, fta
coefficient of drag
specific heat, Btu/lb-°R
acceleration loading
enthalpy, Btu/lb
conductivity, Btu/ft-sec-F
mass of vapor produced im ablation process_ 1b
Prandtl number
total heat, Bt./rt’
heating rate, Btu/ftz-aec
body nose radius, ft
temperature, °F
time, sec
flight velocity
reference sstollite velocity, 26,000 ft/sec
weight of spacecraft, lb
distence from front face, in.

paranster descrived by equation (2},
appndix B

thickness of element, ft
emissivity
p - dens'ty, 1b/ft5
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4 Stefan-Boltzman constant, Since these shields were available carly in
0,171 x m-8 Btu the program, they were employed on the ballistic
‘ hr-£t5-*R flights by Astronauts Alan B, Shepard and Virgil I.
—=es Grissom, May 5 and July 21, 1961, respectively.
Subscripts: The Ablative -Shield Approach
a at ablation condition Ablation technology wee acvencing rapidly at
Aero aerodynamic this time, and it was apparent that a chield of the
ambient type then used on missile nose cones could provide
an en protection without the disadvantsges of the heat
BL Jblockage sink and with a poesible aaving in weight. Tiis
approach vas adopted for the hea. shield qualifica-
e edge of boundary layer tion flight and was continued for the remainder of
N surface elament the program. At an early stage in the design of
the Mercury spacecraft, the fall of 1958, e Jupiter
n typical internal element missile nose cone was successfully recovered. This
P at constant pressure nose ccne involved a composite shingle-type copstruc-
8L sea level tion vhich provided structural strength while still

wall
stagnation
conditions behind shoek

gl’\)N(

Barred quantities denote wear properties in
the boundary layer.

History of the Mercury Heat Shield

Contiguration

The Mercury spacecraft configuration was pri-
~arily determined by heating considerations and the
final configuration shown in figure 1 evolved from
an extensive study of shapes which would minimize
the enty heating problem as well as sat:sfy numer-
ous stability requirements. A blunt vehicle was
gselected very early in the project to provide a iow
value of the bailistic parameter H/CDA An after-

body over which the flow would be separated was
also chosen by considerations of both heating end
stability for the entry portion of flight. A com-
promise between stability and the requirement of
uniform heating on the shield resulted in the
80-inch radfus of curvature assigned to the dblunt
face, The design of the spacecraft structure re-
quired a pressure vessel over which a heat protec~
tion shell was fitted. The configuration was such
tuat the optimm b-at shield was a segment of the

surface of a sphere, suppcrted continucusly around -

the edge.

The Heat-Sink Approach

The first approach considered cor the heat
shield was a beryllium heat sink. The total heat

losd to be expected, approximately 6,000 Btu/ft2
for the early predictions, could be hendléd reason-
ably well by a beryllium heat sink l-fnch thick

vith a unit weight of approximately 10 lb/fta.
Such a heat aink would have experienced sn incre-
ment in temparature of about 1,200° F. Considera-
‘tions of toxicity and fire hagerd from the shield
in the event of a land impact eventually ruled out
this wpproach for the orbital entriea. However, by
the time tkis decision had heen made, a number of
heat sinks had been fabricsted. 'These heat sinks
were forged shield of QMV beryllium, a form of the
material that is produced by sintering beryllium
powder,

permitting the large volunes of gas generated by the
heat to flow betwveen the ablative laminates without
forcing the laminztes to separate.

Since no directly applicable satellite entry
flight experience had been gained with a heat shield
of this design, it was considered essential that e
conservatively designed prototype shield be flown
on a trajectory that would simulate the conditions
for entry from orbit. It was also considered ab-
solutely necessary to recover the heat shield for
poatflight examination, and, accordingly, a bal-
listic trajectory was selected for this qualifica-
tion flight. This preliminary flight qualification
test is described in the following section of this
paper. This qualification ilight demonstrated the
suitability of the shingle.laminated phenolic glass
heat shield for the Mercury entry hesi p.ctection,
and operational shields were constructed in a similar
manner.

The shield c¢onstruction and dimensions, in-
cluding a photograph, are shown in figure 2.

The general performance of the ablative shield
was h.ghly satisfactory, and the six shields that
entered from orbit all performed their funciion
perfectly.

Preliminary Fiight Qualification Test (Big Jos)

Introduction

A flight-test program utilizing a full-scale
spacecraft was considered essential for early ver-
ification of design concepta under actual flight
conditions becmuse no ground-test facility existed
at that time with the capability of simulating the
entry environment. The first Atlas-boosted flight
used a boilerplate vehicle named "Big Joe", and was
conceived to investigate some of the many problems
associatad with entry from orbit as well as to pro-
vide an early check on the basic approach to the
heat protection being employed in the Mercury de-.
sign. This flight teet was planned to simulate as
nearly as possible the conditions of atmospheric
entry from a shallow earth orbit of a fulle-scale
spacecraft. This spececraft was equipped with an
ablation heat shield made of a phenolic fiber-glass
resin material of the type planned for the Mercury
heat shield and was so instrumented that its thermal
performance could be determined. 'Thie was one of
the prime.y objectives of the flight test.
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The spacecraft flight test was cenduc*ed on
Scpter™~r 9, 1959, from the Air Force Missile Test

Center, Cape Canaverol, Florida.l T™is section
presents oaly the results of the atlation-heat-
shileld performance during this test.

Spacecraft Deseription

The boilerplate spacecraft had essentiully the
same external dimensions as the Mevr:ury spacecraft
with the exception that it wes not fitted with an
escape tower. Structural details of the toilerplate
spacecraft were not typical of the Mercury space-
craft, as it was desigred to meet cniy the require-
rents of this fligh* test. A sketch showing the
general dimensicns Of the boilerplute spacecraft .-
given in figure 3. Tt consisted of the following
four major assemblies: the heat shield, pressurized
ingtrumentation compartmenti, conical and cylirirical
afterbady, and sft canister. A photograph of the
assembled boilerplate spacecraft is si.own in fig-
ure 4.

The heat shield was an asblative type made of
phenolic resin and fiber glass and the afterbody was
made of inconel sheet. The spacecraft instrumenta-
tion was contained in a pressurized compartuwent, and
the parachute system and reccvery aids were contain-
ed in the afterbody and aft canister sections.

Heat Shield Descrintion

The heat shield used on Big Joe was geometria-
cally a 74.5-inc* Aiameter spherical segment with a
radius of curvature of 80 inches. A sketch of the
heat shield is shown In figure 5. 'The heat shield
consisted of two laminates: an outur ablation lam-
inate, 1.075 inches thick and an inner structara?
laminate, 0.550 inch thick. The ablation laminate
was made of concentric layers of fiber-glass cloth
orientated so that the layers were at a 20° angle
with the local heat-shield surface. The structural
laminate was made of fiber-glass cloth crieantated
with the individual layers parallel to the outer
surface. Both the ablation and structural laminates
were made from a special finish fiber-glass cloth
with a 711D phenolic resin. Resin content, by
welight, of the ablation and structural laminates was
40 percent and 30 percent, respectively. A circular
ring (fig. 5) 3 inches high, made of fiber glass and
resin, was attached to the back of the heat shield
and served to boit the heat shield to the pressur-
ized compartment of the spacecraft.

Heat Shield Instrumentation

The heat shield -as instrumented to obtain tem-
perature and char-penetration time histories during
flight. Unlque sensors were specifically developed
and the heat shield was instrumeanted with 13 of
these sensors located at the positiorns indicated in
table 1. Each of the sensors consisted of 2 dis-
tinct types of measurements; first, 6 thermocouples
spaced in derth as shown in table 1 and second, the
char sensor circuits which ccusisted of 20 pairs of
wires spaced in depth. The individual pairs of
wires utilized the property &i the resin becoming
an electrical conductor when charred to complete the
electrical circuit between s, Jacent wires. A de-
scription of the ecnsor wor' is given in appendix A.

lﬂen'marter referred to as Cepe Kennedy

Flight Description

The launch vehicle wsed for this flight test
wa3 the Atlas 10D missile. The boilerplate space-
craft was attached to the adapter by means of a
special ring-type clamp.

The vehicle was leunched on beptember 7, 1559,
from the Air Force Missile Test Center, Cape Kennedy,
Florila. A malfupction cccurred during the launch
phase because the booster engine did noi separate
from the Atlas sustainer stage after burncut. This
added weight caused *he entry conditions to be dif-
ferent than programed and an entry angle somewnat
steeper than that planned for the simulated orbital
en'y resulted. This malfunction also led to a de-
lay n the separation of the sper :raft from the
Atles. Afcter separat..n, the spacecraft attained a
general heat-shield forward attitude which {t main-
tained throughout entry.

The spacecraft coordinates in space uear apogee
were obtained from rada™ data and used in conjunc-
tion wich data from accelerometers to calcuiate the
entry trajectory. The sccuracy of the trajectory
determined by this tecnnigue is affected by uncer-
tainties in various parameters in the calculations,
such as drag coefficient and air density. By varying
these parameters over a range, it was possible to
obtain a trajectory for which calculated load fac-
tors closely approximated thore measured on board.
The actual achieved trejectcry thus calculated is
shown in figure &. .

The spacecraft was equipped with an automatic
reaction control system to control its motion dur-
ing entry. However, because of the delay in space-
craft-iaunch vehicle separstion, the control-system
fuel supply was expended in an attempt to control
the motion of the spacecraft-launch vehicle combin-
ation. Attitude data obiained during entr; indie
cated an oscillatory motion about the trim angle.
This trim argle, caused by the spacecraft's center
of gravity being offset from its longitudinzal axis
was approximately 4°. The average amplitude of the
oscillation about the trim angle cver the time
interval of interest in the analysis of the heat-
shield performance was gpproximately 12° to 15°.

The spacecraft's parachute larding system op-
erated successfully, resulting in a safe water
landing. The recovery aids enabled prompt location
and the spacecraf't was recove 'ed in excellent con-
dition 7 hours after launch.

Results and Discussion

The desired insertion conditions for this
flight test were intended to simulate elosely the
almospheric entry from a shallow earth orbit. Howe
ever, because of the failure of the launch vehicle's
engine to separate from the Atlas, the heating en-
vironment of the heet shield was not as severe as
would have occurred hLad the desirea trajectory been
obtained. A comparison of the heating estimated
for the actual entry with that estimated for the
planned flight was made wi'n a widely used theory

(ref. 3). This compariscn of values {fia. 7) based
on a zero value for wall cnthalpy, showed the peak
heating rate obtained during che flight to be apw
proximately 77 percent of th: target value and the
total cold-wall heat luad obtained to be approxie
mately U2 percent c® the taget value of 7,100

Btu/f‘tg.
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An evaluation of the heat-shield nerfurmance
involved cnalysis of the test results with regard
) to: geaeral condition of the recovered heat shield,
: heat-shield temperatures and clMar characteristics,
! and neat-shield heating rate and mechanisms of ab-
. lation. A detailed discusgion of each of these
M items follows:

Description of recovered keat shield.- The ab.
lative heat shield withstood both the entry and re-

N covery phases of the flight test with only supe.'-
ficial damage.

! Figure 8 shows the photograph of the recovered
X heat shield. The pie~shaped discolored region in
quadrant II wan ceused by a dye-marker recovery aid
and was not caused by any effects of heating. The
random dark marks are scuff marks made duri: g the
recovery opevation. Small droplets of fused gises
were observed over the entire heat-gshield surface.

A stagnation point offset of approximately 6 inches
caused by the trim angle was evident from the stream-
lined glass droplets., Small circumferential hair-
1ine cracks which follos thne fiber-glass laminations
were also obeerved. The only significant damage to
the heat shield was a 3-inch delamination which oc-
curred in quadrant ITI near the stagnatior point.

A crack was observed at the edge of the large center
plug and a separation around the smaller center plug.
It was found by sectioning the heat shield at appio-
priate locations that these cracks and delamivations
in the heat shield did not extend in depth beyond
the visible charred portion and did rot affect the
structural integrity of the heat shield.

Measurements were made of the heat-snield pro-
file and thickness after reccvery to determine if
there was a change as a result of the flight test.
The results indicated that any profile change which
might have occurred was within th2 accuracy of the
measurements (£0.01 {ach). The heat shield was
weighed after recovery and the results indicated a
waight loss of 6 pounds. An ‘ndependent.evaluation

, of the weight loss will be discussed iater.

f Heat shield temperatures and char char ‘cter-
igtice. ~ The Big Joe heat shield faired temperaturee
time histories at a typical sensor location are
shown in figure 9, and a typical thermocouple plot
is shown in figure 10. A comparison of temperatures
from the different sensora showed that there was no
slgnificant effect of radial locatlon on the heat-
shield temperatures, an indicaticn that the heat
shiell easentially experienced a uniform heating
over its surface. Core samples were taken from ...
recovered heat shield at various locations on its
surface to obtain evidence ¢: its physlceal condi-
tion. It was founi by measurenants of these samples
that a vigibly chérred region penetrated to a depth
of approximately 0.20C inch or some 12 percent of tha
total thickness, A discolo-el region extended to a
total depth of approximately 0.35 inch or about

20 percent of the totel thickness.

As a means of obtaining a better underetanding
of the extant of the char rather thun arbitrarily
defining char visually, specimens of the Big Joe
Lkeat shield were tested to obtain its electrical
resistance and specific-gravity properties. The
electrical resistance of a typical core sample cut
from the heat shield was mesdured at regular inter-
vals from its front fece. There 1s a definite
transition at a depth of about 0,12 inch with the
outer portion being ¢lectrically conductive while

A TR M ETAE (T < SRy S T At ) Y et e ey

the interior retain~ its origina! property as a
dielectric (fig. 1.). Specific. graity measure.
ments were nede firom sections cut fiom une of the
heat-shield core samples (no. 13). Sections repre-
sentative of the electrically conductive portiocs;
the remainder of the visual char, the discolored
region, and virgir material were used to cbtain the
variation of specific gravity with depth (fig. 12).
By intagrating this specific gravity varietion, a
shield weight lost of 6.5 pounie wes obtained., It
was assumed that the specific xravity of the elec-
irically conductive reysict war a constant value of
1.55. This ~<aion, extending to a depth of approx-
imately .11 wooh, lost approximately 25 percent of
its origi.al resin content. "he results of the
specific-gravity tests agree approximately with the
char depths of 0.12 inch indicated from electrical-
resistance meat.irements. Taese tests also indicated
three discinct regions whicl. veflect the results of
the ontry heating and are defined as follows along
with the general range in depth in the heat shield
at which they exist:

Regior of sample Depth, x, in.
Change of electrical resistance 0 tu 0.12
Visible cher 0.12 tn» 0.20
Discolored region 0.20 to 0.35

During this flight test the heating rates were
lov enough so that the ablation process was confined
to charring the resin portions of the heat shield
with no surface reocession. The char sensors were
calibrated to indicate the progression of the char
front. This calibration was obtained from ground
tegte conducted by the heat-shield contractor using
sensor-instrumcnted models. The results obtained
from the sensor readings duriug this flight test
were satisfactory in a quelitative sense but indf-
cated excessive char depths ranging from 0.275 inch
$0 0.365 *nch as compared to the value for change
of clectrical resistance of about 0.12 inch, This
dizagre~ment is attributed to diffjculties associ-
ated with a proper simulation for the calibration.

A sample cut fiom the extreme edge oi the heat
shield showed the visible char penetration level to
be essentlally the same as noted at other points
over the heat shield. The uniformits of the visible
char derths over the heat shield, like the uniform
temperature dis.ribution, lends credence to the fact
that the heat shield had essentially undergone a
uniform heating.

Summexy of Results

The Big Joe flight test ylelded the following
results: .

(1) Although the trajectc-y flown by the iest
vehicle was different from that anticipa.ed for a
typical Mercury entry, *he test proved that the abe
lation heat shield was an efficient and rellable
heat protective device. Not only did the heat
shield demonstrate its ability to withstand the
heating during entry wi.h only minor su “ace effects,
but it als ' showed no effect. caured by landing
loeds.

(2) Mear red beat-shield temperatures and
chur depuns indicated that *he heat shield esc.n-
tially experienced a uni.e heuting over its
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surface. Specific-grevity measurenents of the re-
covered heat shield (fig. 12) indicated that in the
charring process only 25 percent or the svailable
resin content was lost.

(3) The heat shield could, at the heating
ralve exjorienced, functicn as a char-forming re-
radiati-e shield with no surface recession and only
a very little mess loss caused by the advance of
the char interface through the resin system.

(4) The peak temperctures resched were just
in the range of glass melting temperatures; thus,
the glass forms a reasonable reinforcement for such
conditions.

This teet provided both an eicouraging demon-
strstion of the soundness of the ablative approach
in gereral and of this type of construction in par-
ticular. Further, it provided, early in the program,
a source of date on which an analytical model could
be based. This model was constructed and used as a
tool to describe the probable performance of the
operational shield4 based on the observed perform-
ance of the Big Joe shield.

Thermal Performance Analysis

Trajectory Considerations

The thermal performance of aan ablative heat
shield will depend not only on the properties of the
shield material but also on the external flow con-
ditions in the region of interest. Only the stag-
nation point was considered for the analysis;
however, because ~ the uniform fiow conditions, the
results were assumed valid for the entire shield.

The requ.iicd external flow corditions are tem-
perature and enthulpy as functlons of time. These
conditions weie derived from an analysis of the
normal shock at a number of points alc .g the entiy
trajectory (ref. *). Since conditions -t ihe edge
of the boundary layer were closely ap] roximated by
conditions immediately behind *the shoc’  thes:
latter were used., Also derived from the t:ajectory
was a time variation «r the stagnetion point convec-
tive heating-rate (ref. ), as expressed by:

w1600 [Py 5 (B - B, )
Aero = IBFN oy (vc> T T120 (1)

An extension of the analysis could have been made
to include shock layer radiation heating, but, as
t.is source of heal is less than 1 percent of the
convective heating for a typical Mercury entry, it
has not been included, Further discussion of the
ablation model and numerical analysis is given in
appendix B.

Determination of Ablation Parameters
from Analysis of the Big Joe Flignt

In addition to the thermal properties of the
uncharred ablation material, which were presumed
known and treated as functions of temperature only,
i was necessary to obtain certain ablation param-
eters.

In the ablation process, the resin undergoes
decompopition of a complicated nature which depends
partly upon the temperature and the reinforcing

material. A portion of the resin decomposes com-
pletely to a gas, the remainder deccmposing only
partially. Near the surface, prolonged exposure
to higher temperatures causes more complete pyrol-
ysis, thus the surface layers of the char show a
more complete decomposition then the inner layers.
This behavi_rs is suown in figure 12 where specific
gravity ir plotted agaimit the distance from the
surface measured for the Big Joe heat ghield. Ac-
cordingly, conductivity could be expected to vary
considerably across the char layer. Further, in
each element of the ablator. deccmposition will
occur progressively as the temperature increases.

The development of an analysis for this very
complex process regquired =ome simplifying assump-
ticns which are as follows:

(1) Ablation occurs at one specified temper-
ature.

(2) 'The char layer is homogenecus and its
zonductivity and specifir heat are functions of
temperature only.

(3) A known fraction of the resin is pyrolysed.

(4) Further de:ampostion of the products of
pyrolysis neither requires nor produces heat.

From the Big Joe heat-shield test results a
char specific gravity of 1.55 was selected corres-
ponding to the measured surface value. Ths change
in specific gravity of 0.18 Lorresponded tc a loss
of 26 percent of the resin, The resin originally
comprised b0 percent of the weight o the composite.

A value of 1.000 Btu/ib for heat of vaporization
of that fraction of cherred resin is commonly quoted
and was used in the analysis. Surface emissivity
vas laken as 0.9 and the blockage coefficient, txép_:
teken as 0.15, corresponding to a Prandtl number of
0.74 and a mean specific heat of 0.25 Btu/lb-° F.

More diificult to define were the ablatiozn
temperature and effective char conductivity, param-
eters of prime importance. To cbtain these, an
empirical apr ‘cach was teken. The set of values
which best matched the Big Joe flight data was
songht, and these values were used for subsequent
analysis of the varicus Mercury entries. A range
of char conductiviiies was obtained for study by
interpolating carves between data for fully charred
and uncharred material as shown in figure 13,

A number of cases were run by using different
values of ablation femperatur and char conductivity
as the two inlependent variables end two criteria
were selected to determine when Big Joe results had
heen matched. These were total mass loss and tem=-
perature disiritut.ion ir the shield after the gbha
lation was complate. A comparison of temperature
distribution was based on the definition of a
single number AT, which is the difference between
an average Big Joe shield temperature at depths
of 0.13, 0.29, and 0.39 inch from the surface and
the average of analytical temperatures at the same
depths. Plots of unit mass loss and AT against
ablavion temperature and cher conductivity are
chown {n figures 14 and 15, and the "match potnt”
determined the effective vaiues of ablation tem~
perature and char conductivity which had to be used

in the analycis to give a mass loss of 0.2 l'b/t‘t‘.2
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and a AT = O, that is, to give results which agreed
with those observed in the Big Jve shield.

The effects on unit mass loss of variations in
the values used for heat of vaporization and block-
age coefficient are shown in figures 16 and 17.
These figures show that there was only a weak de-
pendonee of ghield perfermance con these parameters.
The effect of varimtions in the fraction of resin
vaporized upon unit mass loss is shown in figure 18.

Finally, results from the analysis of the Big
Joe case using the parameters selected as indicated
previously were compared with flight data. In fig-
ure 19, this comparison 1s made of the temperature
distribution at particular times dusing the flight.

Interpretation of Char Depth

It is observed that the depth of char is same-
what arbitrary. Change of electrical resistance,
visual charring, and a less proncunced discoloration
occur at three different depths. In the present
analysis, another definition of char has been intro-
duced; that is, the depth over which density must
change from the uncrarred to the charred value to
account for the total mass loss. For the Big Joe
shield, these four char deprths were related as
follows: (1) change of electrical resistance,

0.12 inch; (2) visual char, 0,20 inch; (3) discol-
ored region, 0.35 inch; and (%) mmss-loss deptk,
0.21 inch. From this relationship a simple scaling
tc other cases can be performed by teking a ratio of
the char depths which can be physically observed to
the "mass~loss”" depth which results from the anal-
ysis as follows: (1) change of electrical proper-
ties, 57 percent of mass-loss depth; (2) visual char,
95 percent of mass-loss depth; and {3) discolored
region, 170 percent of mass.loss depth.

The results of this analysis demonstrated that
a reasonable engineering model of a simplified
nature could be contrived to reconcile the observed
flight results. The accuracy with which the data
were fitted gave assurance that at least the major
mechanisms involved were being treated correctly.
An important deduction from this and from the re-
sult that the a“lation surface operated at essen-
tially radiation equilibrium temperature is that
for this type of material and environment the dom-
inant mode of heat rejection is radiation. The
Mercury heat shield is in essence a thermal protec-
tion system which operates primarily by the spon-
taneous formation of a high temperature radiative
surface and the utility of which 1s only slightly
improved by internal kinetics and convective blockw
age.

Design and Fabrication of Production Shield

Selection of Design Trajectories

The Mercury spacecraft entry was typical of
satellite entry at low flight path angles dictated
by permissible g limits for the human occupant
and minimal retrograde decrement of velocity. A
concern over the possible failure of a retrograde
rocket led to the selection, for design purposes,
of the case of one retrorocket failing to function.
The range of heating rate and pulse experienced by
the shield slorg with trajectory parameters is
shown in figure 20 for such a case. This design
cagse ylelds a heat pulse of approximately 8,910

Btu/nz for a spacecraft weight of 2,439 pounds.
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Design Criteria

The environment experienced Ly the spacecraft
is extremely severe. Temperatures in the shock
layer immediately ahead of the blunt drag-body sur-
face are in excess of 10,000° F, beyond the melting
point of all materials. The Mercury heat shield
was designed to protect the spacecraft for all de~
sign entries and control entry temperatures to
specilied limits. In order to provide adequate
protection for the astronaut, whose back lies only
& few inches away from the inner surface of the
heat shield, a criterion on the temperature of the
inner surface of the shield was set at 150° F. Con-
siderations of the double layer makeup of the shield
and the bondiag state-of-the-art led to a further
criterion on bondline temperature's being set at
600° F. The heat shield musi also have the capa-
bility to withstand the dynamic pressures involved
while sustaining a very hot condition sné sustain
the high water-impact forces before the structure
has cooled appreciably. The heat shiell shoul
have the capability to withstand the acoustic end
vibralicn environments imposed during lavnch and
*he hard-vacuum and low-temperature conditions
of the space environment,

Thermal Performance Criteria

The thermal performance of the heat shield of
the Mercury spacecraft required the following:

(1) Cootain the extent of ablation within the
region of the !nclined laminates.

(2) Mairtain the speciffed bondline tempera-
ture to preclude delawination.

(3) Maintain the specified backface tempera-
ture to minimize heat rejection uc the interior,

These conditions were to be fulfilled for any
abort situations and for any entries from orbit in
which two or more retrograde rockets functioned.

Fabrication of Productior Shields

To utilize the experience gained Jn the con~
struction of the prototype shield flown on Big Joe,
the prime contractor for the Mercury spacecraft was
directed to produce heat shields rfor the Mercury
program similar to the basic design proven in the
Big Joe flight.

The operational €iields were made as shown
previously in figure 2. An lInclined ablation
laminate, with shingles at 20° to the local tangent
as for the R and D shield, 0.65 inch thick formed
the outer element. The structural (para.lel) lam-
inate wag 0.30 inch thick.

Appendix C describes in some detail the fabri-
cation technique employed for the shield.

Of the several fabrication problems encountered
the most significant was that of maintaining the
correct orientation of the inclined gblation lam-
instes.

There was coucern whether 20° inclination of
the laminates was actually being attained and con-
sequently several shields were bored near ‘the outer
diameter so that the actual angle of ineclinavion
could be ocbserved., The results of this inspection
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indicated that the angles, in general, were being
produced. These holes which measured about 1 inch
in diameter were plugged with representative shingle
material, and the plugs were retained in the shield
by the parallel backup structure. Only in the cen-
ter ol the shield did the circumferential orienta-~
tion become & problem. Observations mede at the
exposed surface showed thet the innermost shingle
iaminates were wrinkling and buckling in groups.

By cross-sectioning a test shield near the center
the contractor found taat the angle of inclination
deviated appreciubly from the desired 20° angle.

In some examples, the fibers close to the parallel
liminate were perpendicular to the face and then
bent over and either were directed parallel to the
face or in some cases even at a negative angle be-
fore returning toward the outer face. This poor
orientation indicated that a section of the center
of the shield could be lost as & result of delamin-
ation and improperly attached fibers. A decision
was thersfore made to machine out the center of the
shield and repisce it with a high-pressure molded
plug of 15-inch maximm diameter (fig. 2). A large
block of properly oris.ntated material was produced
by stacking developed cones of the proper included
angle. A segment was then cut from this block to
form a plug. The plug was cacured in the heat
shield by 12 inclined dowel pins, 4 located on an
inner circle and B lccated at a larger diameter.

To provide additional strength behind the central
plug, a larger diameter patch pad composed of ad-
ditional parailel laminates was added tc the inride
or concave side of the shield after the dowel j>ins
were cemented in place. This pad was a maximun of
two-tenths of an inch thick. Additional structral
details are given in appendix C,

The bond tetween the inclined laminate and the

parallel laminate was provided by e high-temperature
aluminized epoxy bonding agent.

Ground Testing
Establishment of the Heating Environment

Numerous wind-tunnel studies were conducted to
investigate the heating, aerodynemic stability and
loads experlenced by the spacecraft in the Mach
number range from O to 20, Models ranging from as
emall s 1 percent of full scale to full scale were
used in these investigations. Further, full-size
spacecraft components were employed for studying
detailed heating effects. These tests played an
invaluable part in defining the aerodynamic heating

of the Mercury spacecraft, Reference i further out-
lines the Mercury wind-tunnel program.

Early Thermal Performance Tests

Thermal tests included plasme-arc, radiant-
lemp, and oxyhydrogen blowtorch tests, Radiant-
lamp tests were ; rformed on a 2-inch diameter
specimen representative of the heat shield material
to attempt to simulate the heating encountered dur.
ing reentry conditions. During these tests, the
specimen severly delaminated. Radiant.)amp tests
were also performed on & one~third scale model and
resulted in specimen failure. This was due to the
monitoring thermocouple hatig located 0.1 inch be=
low the surface. Since the thermocouple did not
reapond, the lemps were driven at full power, twice
overload, t¢ Lry to achieve the programed thermo-
couple respouse., Oxyhydrogen blowtorch tests were
performed or. specimens from a production shield.

In general, however, the simulation was poor be-
cause of different chemistry and the low temperature
and enthalpy of the stream. No really useful data
resulted from these early thermal performance tests.

Introduction.~ The failure of previcus ho.t
shield abletion tests and other thermal tests
duplicate the severe reentry conditions proper’y
made it necessary to evaluate further the perform-
ance of the Mercury heat shield. This was done in
a series of ablation tests, conducted at the NASA
Langley Research Center Structures Division arc-jet
facility using air as the working medium,

These tests were planned to simulate &8 nearly
as possible, with a model designe? tvc limit edge
failure, the heat fluxes which would be encountered
by the Mercury spacecraft heat shield during atmos-
pheric entry.

Description of Mcdel and Instrumentation.. Test
specimens were cbtained from a production Mercury
heat shield (no. 13), which had been rejected be-
cause of structural defects apparent during ultra-
sonic exam!nation. The defective area, which
contained voids, delaminaiions, or other flaws or
imperfections, was confined to a ring about 6 inches
wide located approximately 2 feet from the center
of the shield. Five specimens were obtained from
gount, areas of the shield, while two specimens were
obtalned from defective areas.

The model design shown in figure 21 was used
for the original five sound specimens (tests 1 to 5)
and one of the defective specimens (test 7). Care
was taken to protect the specimen edges from heating
by use of a phenolic asbestos collar which was bonded
to the specimen with a room temperature vulcanizing
rubber. Fiber-glass disks and thermoflex insulation
were incorporated to protect the back surface of the
specimen from heating. - or model 6, a change in the
design of the model was made. In this design the
fiber-glass d‘sk that was originally bonded to the

neat shield specimen was displgcedé inch from the
specimen and ..~ ted by three é inch dowels inserted

120° apart through the phenolic asbestos collar,
These dowels were employed to provide a three-point
specimen suppoi't to determine if the continuous
peripheral constraint in the other models preveunted
tondline or parallel layup delaminations. A photo-
graph of a typical model before testing is shown in
figure 22.

Each specimen was instrumented with six chromel.
alumel thermocouples; two at the back surfece, one
on the bondline between the shingle and parallel
laminate structure, and three others at varioue
depths as shown in figure 23.

Description of Tests.- The ablation heat shield
tests were conducted in arc facility no. 20 of the
structures division of the NASA Langley Research
Center. A complete description of this facility te

given in reference 5.

A wiltiple calorimeter probe, geometrically
similer to the specimens, was used to determine the
cold-wall heating rete obtained from th: arc-jet
stream. The power of the jet and the distance of
the model from the jet nozzle were varied until the
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desired heating rate, approximately 67 Btu/ftz-Sec ,
was obtained. Probe measurements showed little
variation of the heating rate acro¢s the diameter
of the spacimen surface. The stream enthalpy was
not measured but was estimated from pre--ious ex-
perience to be approximately 4,000 Btu/lb. A sum-
mary of test conditions is given in table 2.

The tests were conducted in the following
manner. 'The jet flow was initiated and afver
40 seconds the calorimeter probe wes inserted
into the stream. The probe was removed after a
few seconds and the heat-shield model, which was’
mounted on a water-cooled sting, was immediately
ryung intc the stream. As soon a8 the model was
removed, the heating-rate probe was again swung
into the stream for an additional check on the
heating rate. After testing, each specimen was
jphotogrephed and crose-sectioned for further ex-
amination. The heating time for eech model is
glven in table Z.

. Results. - Temperature-tire histories from
thermocouple readings and surface temperature mea-
surements observed by optical pyrometry were taken
for each test. Figure 24 shows the measured time
history for a typical (test 1) erc-jet test specimen.

Thermocouple 6, located closest to the front
surface of the model, had & very rapid temperature
rise and reached its peak temperature shortly after
the ceesation of heating for all tests. After the
removal of the model from the arc stream, the tem-
perature indicated by thermocouple 6 dropped very
rapidly and when the recording of temperatures
ceased (600 to 850 seconds), the temperature of
thermocouple € was comparable with the remasining
interior temperatures. Thermocouples located at the
bondline and the _ackface of the model, as well as
other interjor points, peaked at later times and at
lower temperatures, Figure 25 shows a typical
(test 5) surface temperature plot obtained from
optical pyrometry.

Application of Analysis to Arc-jet Tests

To acsess these tests in detail and to estabe
1ish the validity of the analytical model derived
trom the Big Joe flight; predictions were made of
model performance in the arc-jet environment. This
was done using a step heat input and the same mater-
ial properties found to match best the Big Joe
fligl.t results.

Expsrimental results were compared with these
predictions and the results are shown in figure 26
correlated on the basis of the total cold-wall heat
pulse experienced by the model.

Part a of figure 26 depicte the visual char
depth plotted as a function of total heat flux to
the specimen. The visual char depths at these heat
pulses closely matched the char aepths obtained by
the analysis using step heat inputs. DBecause of
this good agreement, it was presumed that cher
depths could be accurately predictsd for the Mercury
heat shield in flight.

Fart b of figure 26 compares the maximum ex-
perimental and predicted bondline temperatures ior
the tests. Experimental bondline temperatures were
consistently higher than those calculated; the dif-
ference ranged from 40° P at low heat pulses to
150° F at high heat pulses. This difference is due

mainly to the value of char conductivity used in
the caleulations. The value used provided/goocd
agreement with test results for the shorter heating
periods, up to the 150 secouds experienced on the
Big Joe flight. However, relatively small errors

in conductivity would be amplified during the loager
heating periods of the high-pulse ground tests, up
to 300 seconda.

Figure 27 shows a curve of the maximum teuper-
aturz of each arc-Jet specimen at various depths
from the front surface as given by thermocouple
measurement. Also shown is visual char depth for
each specimen. This determined the temperature at
which visual char is complete and is defined a8 the
effective gblation temperature. This parameter in.
creased from 600° F at low heat pulses, the value
found to match best the Big Joe results, to almost
900° F at high heat pulses. Since calculations
were based on a fixed effective temperature of ab-
lation of 600° P, this further explains why agree-
men. between experimented and calculated bondline
temperature is better at low heat pulxes than at
high heat pulses.

Flight Performance

. Flight Descriptions

e background proviged by the Big Jpe flight
and’ the arc.jet simulationr gave confidence that
the operational shield would perform satisfactorily.
Pradiztions were made for a wide range of entry
heat-pulse conditions from early abort to iar de-
cay, including typical entries sucn as ths for
MA 8 shown in figure 28. Following is a bilef de«
seription of the Mercury flights covered in this
report:

MA-2,- This was a suborbital flight launched
on February 21, 1961, =nd designed to subject the
apacecraft to maximum "g" and to produce maximum
aftierbody heating. Conseguently, the total heat
load on the shield was less than during an orbitel
catry. The heat shield was recovered in excellent
econdition.

MA-4.- This was the first orbital flight for
the Mercury heat shield and was launched Septem-
ber 13, 1961. After traversing a singls orbit in
the unmanned condition, the spacecraft experienced
normal entry heating conditions end was recovered.
The center plug sectivn of the shield had cracked
free at the outer diameter and resulted in a gap at
the parting line of sbout three-sixteenths inch.
The plug was still tightly retained by the inclined
dowel pins and was forcibly separated from the heat
shield by breaking two of the dowel pins and tearing
the holes around the other dowels. Examination of
the parts showed that the previously curved center
plug had flattened considerably during the cooling-
orf phase of the flirht period. Also, the bonded
surface showed the bondline thickness to be exces-
sive, 0.047 inch thick as opposed to the specified
0.010 inch thick maximum thickness and further
showed large air bubbles covering esbout 30 percent
of the boud suriace.

MA-5.- This vas a two-orbit primate flight
launched on November 29, 1961. The heat shield from
this flight showed a similar char depth as the pre-
vious flight; hovever, the center plug was coapletely
missing from the shield upon recovery. Again the
glus line wao excessively thick, 0.030 inch, but the
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lose of the center plug was attriduted primarily to
an error in the drilling of the holes for the ine
clined dowel pins. The holes were two-tenths ol an
inch too shellow which resulted in essentially a
corplete loss of grip by the dowel pins upon the
center plug section. A thermocouple protruding
into the center plug area and st11)l functioning
upon wate. impact provided continuous flight deta
that indicated that the plug was In place up to the
instant of weter impact and separated from the
shield upon impact. As a result of this separation
and the separation during the preceding flight, an
X-ray te-hnique was developed that distinctly showed
the air pociets in the bondline between the shield
and center plug. The sharpness of definition of the
alr bubbles aiso indicated to soma extent the height
of the air bubbles or the thickness of the glue
Joint. Several experimental fabrication techniques
were explored ia an effort to eliminate the air
pockets and to reduce the thickness of the glue
Joint. All shields that had been fabricated were
X-rayed and the percentage of void in the glue
Jjoints was measured. All ghields that exhibited
greater than 20 percent void were returned to the
manufacturer where the center plug was machined
away and a new plug was installed, reinspected, aud
evaluated. In some cases, three and four new cen-
tral plugs had to be installed before the percentage
of voids was reduced to an acceptable level.

MA-S.- This was the first manned orbital flight
of a Mercury spacecraft and wag successfully made on
February 20, 1962, The fligh{ was planned for three
orbits and was a culmination of the program to de-
velop the Mercury evacecraft and to use it for man-
ned orbital flight. In general, the spacecraft
funciioned well during the mission. Becauie of a
false indication of heat-shield detachment -t was
d.cided to perform the entry with the retropackage
on the heat shield. The external surface of the
shield was charred in the normal pattern. The
cen*er plug of the shield had separated as in the
previous orbital missions. The same area contained
several radial marks approximstely 4 inches in
length. Tt is possible that a large piece of the
retropackage slipped off in this direction.

MA-7, ~ This was the second manned orbital
flight 1nd was conducted on May 24, 1962, The
flight was planned for three orbits and was a con-
tinuation of u program to acquire operational ex-
perience and information for manned orbital space
flight. The performance of the MA.7 haat protection
system was as expected and was quite satisfaccory,
The maximum recorded values of temperature on the
ablative shield were compared with previously ob-
tained orbital reentry velues, The magnitudes of
these temperatures, as well as the ablation shield
weight loss during reentry, were comparable with
previous flights. The external surface of the heat
shield had the normal, evenly charred, glass-streak-
ed appearance and some circumferential separation
of the edge laminations were evident, The sablation
shield center plug was found to be missing, with
evidence that the plug remained intact throughout
the reentry hest pulse, as in the MA.5 mission. A
number of cracks similar to those experienced ia
some previous miseions were found in the ablation
shield extzrior; however, these cracks did not ccm-
promise mission safety. Consideradle recoverye-
handling dents and cuts were noted. The weight
loss of the heat shield during the reentry phase
amounted to approximately 13 pounds. The supporting
structure behind the ablation shield was found to

be in excellent condition following the flight.

MA-8. - The third manned orbital space flight
was conducted on Obtober 3, 1962. The flight was
planned for six orbital passes or less and was a
continuation of a program tc acquire new knowledge
while extending the cperational experierce in manned
orbital space flight. ALl objectives wers accom-
plished. The performance of tha heat protection
system was satisfactory. The materials anu cone
struction of the heat shield were the same as for
heat shields used on previous orbitel miassions,
with the exception that the center plug was bclted
to the structural laminate *+) rrevent i*s loss after
reentry., The center plug was found to be firmiy
attached to the heat shield during postflight ex-
amination. During entry the heat shield provided
satisfactory thermal protection as on previous
orbital missicns. As expected, the stagnation
pcint eppeared to have heen very near the center of
the shield and the usual glass droplet streaks ex-
tended out from the center of the shield. Miaor
and major cracks in the ablation laminate and sep-
aration at the bondline were evident in postflight
inspection. The separation at the bondline, where
the ablation laminate is glued to the structura.
laminate, was fourd to be extensive over the center
portion of the shield and extended approximately
one-half the radius of the shield. The unbonded
surfaces 1 .re smooth. The cracks in the abletion
laminate apparently occurred after veentry heating,
as evidenced by a uri"~rm char depth in the cracked
and uncracked portions of the ablation laminate.
When the bondline separation was found in +he shield
used for the MA-8 mission, a section was cut from
the MA-7 shield and it was found “hat substantial
bondline separation was evident without major cracks
showing at the exterior of the ablation laminate.
The heating appeared to be uniform over the shield
as indicated by 12 core samples taken at varior~
locations in the shield. Char depth measuremeax.
were normal, varying from 0.33 to 0.40 sr¢h as in
p* vious missions. The measured weight ioss,

17.43 pounds, was more than that experience during
previous missions. The MA-7 heat shield lost

13.1 pounds and the calculated loss was approxi-
mately 11 pounds. The measured weight loss for
previous missions has been as low as 6.1 pcunds.
However, the heat-shield drying procedure used
after flight to remove water has not been the same
for all flights, thus leading to some uncertainty
as to the significance of the apparent differences
ir weight loss.

MA-9. - The fourth and iaot manned crbital
space flight vas performed ¢ : May 1k, 1963, and was
highly succeesful. The materials and construction
of the heat shi:ld were the sgme as those for heat
shields used on previous orbital missions with the
exception that six steel bolts we.e installed in a
circle having & radius ¢. 14 inches from the center
of the heat shi:ld to aid in retaining the shingle
portion of the shield at landing in case of bond-
line ceparation, Postflight examination revealed
only minor oracks in the ablation laminate, A
section through the center of ‘he shield indicated
that the bondline had separated, but that it had
been held together by tle bolts. The separated
erea was not nearly as extensive as that evideat
on the MA-8 heat shield, and the surfaces of the
separation region were smooth. No large cracks
ware of jerved to emanate from the separated bond.
line area, as had ocgurred in the previcus two
flights. During reentry, the heat shield provided
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sxtisfactory therasl protection, a= on all previcus
ordital =.ssions. The extenied time cf exposure of
the neat shield to the space enviruvamesnt did not re-

suit in any noticeeble effects regurding the heat- Condttions Temperature, °F
shield performance. As expected, the stagnation

point appeer=d to have been close to the center of Comoletely charred > 1,000 to 1.200
the shield, as evidenced by the usual glass dQroplet . .,

stregks that exterded out froe this point. ‘e re- Par*ialiy charred > &0t 800
entry healing appeared to be uniform over the shield, Discolored > kO to 500
as indicated by 10 core sarples iaken at various lo-

cations. Char depth measurexents of these samples o visible heating effects ; < 400

indicated normal heating, and these values varied
frea 0.34 to 0.58 inch similar to previous missions.
The neasured wveight loss of the heat shield was
15.3% pourds. The spscecratt keat proteciicn system
perfersed satisfactoriiy as in previous nissions.

Feat Shield Instrumentation

Bach Mercury flight had a unique set of heat-
shield indtrumentation. 'This instrumentation con-
sisted of thermocouples locuted at varicus depths
and radial locstions. %Yhese locatioms grz given for
eech shield in table 3. The foilowing section gives
the data from these thermocouple and senscr ioca-
tioms.

Obeerved Temperatures

Figure 29 shows the Mercury-Atlas heat-shield
tesmperatures for all semsors for each flight. Max-
imum bondline temperatures experienced a range of
from 300° to k5G° P, values meeting the 600° F
boriline criteria. These maxicum temperatures oc-
curred at water impact. Teamperatures in excess of
300° F were observed on the ghield backfuce in
some cases. Such temwp —tures, hovever, did not
apparently aff-ct equipment or the structural in-
tegrity of the shield.

Postflight Messurements

Postflight measurements of vi.ual ané electri-
cal char depthe ¢2d specific gravity were taken of
specimens frcm the heat shield of each Mercury
spacecraft. Add.tiona) postflight weasurerents of
glass content, water absorption, and weight loss
under vacuum conditions were taken of specimens
from the MA-9 orbitsl heat shield and specimens
from virgin Mercury heat-shield material. These
mzasurements are Jvported on in appendix D.

Anelysis of Spacecraft Entries

A variety of Meycury spacecraft entries was
studied by using the prediction analysis which has
been previously described. Entries from nominal
missions and from & vido range of abort a'd emer-~
gency conditions were amlyred to determiic char
depth and temperature distridutfion of the heat
shield. The results of thase studies are compared
with the uata obtained in flight in figure 30 cor-
related on the besis of total heat pulse.

Figure 31 shows a variation of maximum Mercury-
Atlas heat shield temperatwres with &epin frum the

. front surface for all senscrs flown on orbital

sntries. PFairly good correlation of all temperatwre
sensors can be shown on a plot of this type. Addi-
tionally, appearance of a flight heat shield plug
can be correlated as to temperatures corresponding
to the visual char depths shown. It can be inferred
that the regions described in the section entitled
"Interpretation of Char Depth” can be correlated

with raximm temr_ratvres in the tabulation ~hich
folliows:

In swmary, it is considered that an adequate
engineering anaiysis was develcped *o predict the
performance of the Mercury speacecrafi heat shield.
The results of the Big Joe heat-shield flight test
vere used to aid In rhe selection of parameters for
the analysi. wvhich hes beer applied tc a variety or
Mercury entries. Good agreement batveen the ena-
lytical and observed test results is noted ror all
the flights.

Linear variations of char depth end backface
temperatures with totel heat pulse are found to
exist. over a wide vange of euntries from early abo:t
to near decay.

This anulysis is “ased on the assumptioa that
the parameters determined frcm the Big Joe heat-
shieid test apply to the larger heat pulses of
orbital entries. Support of this assumpticn is
indicated from th. resulis of arc-jet tests on
specinens of the Mercury shield at hea* pulses from

1,400 to 20,700 Btu/rt2. A second iteration on the
properties toc be used in the analysis cculd have
been made by using ground-test data. FPFurther re-
finements in the anslysis ure also obvious. How-
ever, these refinemenis were never made during the
1ifetime of the project and will probebly never be
important because of the change in directica of
entry ablative technology.

Conclusions

The Mercury spacecraft heat shield was shown
to be well suited and reliable for the entry con-
ditions encountered. The dominant mechanism of
heat rejestion 1s radiation from tl.e surface which
does not recede during entry. A straightforvard
one-dimensional analysis was deveioped to reconcile
the results of flight and ground tes:ting. Manufac-
turiag difficulties wers experienced but overcome
and consistently good performance was obtained from
the seven shields that were flown.

Appendix A.- Ablation Sensors

Three typee of ablation sensors were developed
for RASA (types 1, 2, and 3).

Te type 1 ablation sensor was a slightly
trunceted cone with a tin end exposed at the front

far2 and measuring é—' . h in diameter. The overat-

ing principle was that trn: muterial remaining after
charring wag carvonaceous in nature and formed an
electrical conductor. Fine vires wore brought
within verious distances of the front face and
electrical power was passed through the wires.

When the cher reached a certain depth, an electrical
c.rcuit vas thus completed between a pair of the
fire vires. This senscr was tested by a contractor
and found to be ratisfactory.

10




Thn type 2 ablation sensur consisted of n
1.inch-dzemeter plug with « double twelve-pitch
thread cut in%o the cuter surface. Jshe plug was
heavily copperplated and then carefully ground 80
that & pair of interwound helical copper wires re-
ma ned at the base of the threads. The dual wires
formed a rondenser, the total capacitance of which
decgeased 28 the char layer progressively advanced
irto the shield and caused a shori circuit in part
of the wire lengths. Prototype samples of this
sensor were tested by NASA but did not perform sat-
isfacturily and the concep” was discarded.

The type 3 sensors operated on the same prin-
ciple as the type 1 sensor. However, three were
teszed by NASA and did not functior properly.

Appendix B.- Program for Ablation Analysis

The ablation model assumed is ocpe-dimensiocal
and considers the overall thickness to be constant
while a char front sdvances through the material.

A finite difference analysis is used in which the
material isc divided into thin elements. An element
is treated as ablating when it reeches a specified
"abiation” temperature. When the Leat necesszry to
veporize a specified fraction of the resin has been
absorbed, the element becomes "charred.” A heat
blockage term is included based on the rate of av-
Lntionsand conditions outside the boundary layer
(res. °). =
= c. 4 - —
agy, = %ep (T, - T) &
(2)
in which
1 -.6
o=l 3 (Nm, a)

Because of the assumption of unchanged overall
thickness, the analysis cannot be applied to carezs
in which the heating rates are Ligh enough tu cause
the removal of appreciable amourts of %he charred

material, rates on the order o 100 Btu/ftz-sec,

ner to cases in which mcchanical removal of the char
caused by high shear forees occurs. Neither of
these situations occurred for the Mercury heat
shield.

The numerical asnr.ysis ic based on a conven-
tionel finite uiile’ence soiuiion of the conduction
between adjacent .ne-dimencional elements described

7
in referencrs .

she difference equation for a typical internal
<iement n 18 written as:

25t I-(Tntl - Tn)kn-klkn

ATn"pac'_ak T .k

P n ol n ndd n+l “n

(T, - w15 Ko (3)

and
'J.‘n' u Tn + ATn
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The time increment AT is assumed small so
that properties kq and <y can be evaluated at

the temperature ‘I"1 prevailing at the beginning
of the step.

Por the eurface element N the 2ifference
equation is written

ot 4
T_' =] 4 ———— q - g - xT
= n P bn ch [Aero ‘BL n
()
2(Tn - Tn-l) ky ko

bn k'x—l + 5n-J. kn

The inner surface wa3s considered to be adiabatic.

This analysis was programed for machine com-
putation on an IBM TO4 digitel computer.

Appendix C.- Abletion Shield Fabrication
and Manufacturing Problems

Fabricatjion Technique

The fabrication procedure which was evertually
employed involved first the buildup of the ablation
shingle laminate and the subseguent addition of the
ring and the parallel laminate. The shingle lamin-
ate was fabricated by laying the ~esin-impregnated
fiber-glass cloth tape obliquely on a mandrel and
building in to the center in & single continuous
process. This component was then cured at a pres-
sure of 65 psi for approximately 12 hours at tem-
peraiures up to 300° F. This was fcllowed by a
T2-hour post cure at 250° F. The edge ring and «‘
parailel lesyup were subsequently app.ied over an
elumimized epoxy bond. The entire assembly was
poat cured for 21 days, 7 days each, gt tempera~ :
tures of 250°, 300°, and 350° F. ‘.

The molded center plug measured 15.5 inches in o
diameter and was 0.65 inch thick with & 0.2%5 inch -
high l-inch-diameter nubbin in the center. ‘“he

taper angle was lhr;-‘ téﬂ The plug was held Ly 12
0.202-inch-diameter dowels in 0.219-inch holes,
8 at a 5%-1nch radius and 4 at a 2-inch redius (at

consave surface) inclined at a 45° angle inward.
The depth of the dowel measured 1.15 inches on the
dowel axis, or 0.817-inch through shield tnickneas-.
‘the shield was 1.15-inches thick at the center
(0.95-inch + 0.2-inch buckup). Thus, dowels are
set 0,213-inch into the plug.

The backup platu measured 33 inches in diam-
eter {maximum) and was feathered to a diameter of
29 inckes. The plate was 0.20-inch thick in the
center, 0.177inch thick at the ocuter edge {29 inches
diameter), and 0.020-inch at 33 inches diameter,

Menufacturiing Problems

Shingle Delamination. - Early in the program,
the manufacturer of the spacecraft prepared two of
the heat shields fcr static-load teats. The first
shield was ruined by placing the entire shield in
a large oven for th~ purpose of curing some bonded
load pads for the ground-test program. The rapi4 ‘
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uniform heating of the entire shieid resulted in
delamination of areas in the parallel laminated
backup structure as a result of volatile gases
being generated between the parallel leminaies
where there was no venting. lerge blisters, mea-
suring 6 to 10 inches in dismeter, occurred at
several lotalions in the buckup structure. A sec-
ond shield was also ruined in an attempt to b -7
ioceaing pads to the shield when the oven tempe: -
ature regulator went out of contiol. This shield
was first quartered and then cut up into many small
test specimens. Tipcn sectioning the shield, areas
were visible where the shingle section of the
shield was extensively delaminated. It was theor-
ized that these delaminations between pliecs were
opened to the surface and tie long post cure cyecle
of heating the oiiield at 250°, 300°, and 350° F
fur 7 days each resulted in oxidizing the resin {n
those areas where porosity existed. These porous
or delaminated areas were not detectible by X-ray.
The neat shield contractor, however, experimented
with various inspection methcds to deteet porous
areas in the final product withcut destructive
testing of the shield. By using ultrasonic trans-
mission through the thickness of the shield, the
contractor Sould datect even very small areas cf
porosity. Svecimens from the second damaged shield
were used to calibrate the degree of poroeity.
Small confined local areas of porusity were no.
considered detrimental to the integrity of the
shield; however, the large areas were considered
unacceptable. Each shield tnereafter was complete-
1y ultrasonically surveyed in various phases of
its construction. Smsll areas of porosiily were
observed to increase in size as the shields were
exposed to additional heat cure amd post cure
cycles, Shields that showed areas of porosity too
larce to be acceptable for flight were generally
3alvaged by completely machining all the shingle
laminates away from finished shields and rebuilding
the shingle laminate thus salvaging the varallel
laminates anG the outer rings. In some vudes where
shingle buildup was exsmined prior to the addition
of t.e parallel or ring sections, the complete
shingle layer was scrayped when found to be ex-
ceasively porous. All shields produced showed some
smell areas of porosity as a res.lt of the sensi-
tive uitrasonic inspection methods; howvever, upon
postflight examination, noue of these areas ever
showed an indication of affecting the performance
of the shield.

Ring Separation.- During the pressuce and
heat-curing cycle of some of' the shields during
fabrication, cracks developed between the outer
composite ring assemblies and the parallel or
shingle leminates. These cre.rs sometimes covered
a ciccurlerential angle of greater than 120°. ‘Tae
cracks were always repaired by t'illing the cracks
with rav laminate mmterial and resins and by adding
dovel pins between the parallel and ring assemblies.
Some 218 helical inserts that were later used to
attach the landing bag to the heat shisld also gave
confidence that these cracks would never pose a
structural proovlem. Repaired cracks were n~ver
found to reopen as a result of ground-test loads
or flight conditions.

Appendix D.- Postflight Mcasurements

Visual and Electrical Char Depths

Postflight measurements of visual and elec-

trical char depths were taken of the heat shield

of each Mercury spacecraft. These measurements are’
shown in table 4. Tu order to obtasin specimens for
postflight eiamination, cylindrical cores measuring
2 inches 1. diameter were taken from each shizld.

A sketch of typical core locations (MA<7) is shown
in figure 32. Visual char depths were measured
at'ter one edge of each specimen was polished flat
to obtain a clean smooth surface. Visual char deptk
measurements averaged between 0.3C inch and 0.40 inch
for all flights, tending to be slightly higher cn
the average tor the later flights. The increasing
spazecraf weisht for lU.c later flights, as shown
in table 5, which contributes to the greater heating
is a factor in increasing char depth. BElectrical
char depth zcasurements were made by successively
removing thin (9.C30 in. ) layers of char material
and taking resistance measurements across the sur-
face of the specimen. After changes in resistance
started to occur, cute of 0.005 inch to 0.010 inch
were made before each measurement. This change in
resistance determined the "electrical” char depth.

A direct correlation wes esteblished between elec-
tricai and visual char d=pths as determined from
postflight messurements. Electrical char depth is
generally about 57 percen: of visual char depth.

Specific Gravity Measurements

Postflight measurements of specific gravity of
the heat-shield specimens are shown in table 6.
1
2
section and extending the full depth of the shield
were cut from every core of each heat shieid.
Specific gravity meuo.urements for specimers from
the MA-9 shield are approximately 15 vzrcsnt higher
than for other shields because of d‘fferences in
measuring techniques. It is believed that prime
reliance should be placed on the data from shields
MA-2 through MA-3.

Two specimens measuring 3 inch by% inch in cross

Figure 33 shows a typical variation of specific
gravity with uepth threuegh the heat-ghield specimen
(MA-7). ‘The figure cnows thet char formed during
entry is less dense than the virgin matertal &.d the
density starts becoming uniform after approximat -ly
.40 inch.

Water Absorption Measurementa

A unidirecticnal water-absorption study of
MA-9 preflight ard postfiight heat-shield material
was performed. Samples consisted of preflight-
virgin and postflight-charred material. Six right
circular cylindrical samples were supplied; three
of these samples were virgin materjal with a diam-
eter of 1,59 centimeters and a height of 2.42 centi-
mecers, and three were charred samples of similar
dimensions.

In an effort to determic~ an upper limit to
water absorption, void volumes foui the virgin and
charred samples were determined. A specielly pre-
pared pycrometer, which could be inserted in an
evacuated desiccator, was used to made void volume
measurements. The pycnometer was evacuated to in-
sure that entrapped air was removed from the samples.

Unidirectional water-absorption measurements
were made by scaling all but one end of the sample’
with tape and paraffin, immersing the samples in
wvater, and removing and weighing them at appropriate
time intervals,
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Figure 34 shows unidirectional water absorp-
tion for virgin samples ae a function of time.
Since the same surface area was exposed to water
for each sample, the variations of water-absorption
rates for the three samples nrobably were caused by
variations in the repreducibility of the method.
Good sealing around the sample was not easily main-
teined. Aprioximately 12 percent of the total sur-
face area was exposel to water for each sample. A
limiting value for water cbsorption is represented
in the average void volume for the virgin samples
which was previously given.

Figure 35 indicates the water-absorption his-
tory for the charred samples. The average void
volume of the charred samples represents the average
limiting value of water absorption for the same
samples. As shown in figure 34, the variations in
water-absorption rates were probably caused by var-
jations in the reproducibility of the method.

Weight Loss

A study of weight loes in the vacuum of the

MA-9 heat-shield material at 75°F and at 375° F was
performed. The samples supplied counsisted of pre-
flight-virgin, and postflight-charred material.
Six samples were supplied; three piate samples of
virgin material with dimensions of 2.5 by 2,5 by
0.3 centimeters and three plate samples, charred,
of similar dimensions.

Experimental equipment.- All weight loss and
pressure measurements were obtained and recorded by
uging a recarding belance with vacuum system,

Heating of the sample was accomplished by using
three reflector-mounted infrared heat lamps., The
lemp-sample distance was adjusted to prcvide the
desired sample temperature.

Experimental piocecure,- Prior to the weight.
loes determinations, the samples were weighed and
then desiccated for approximately 48 hours. 'The

system was pumped down to approximetely xio™® mile
limeters of mercury. After the system rsached
equilibrium at rocwm temperature, the temperature
was raised to 375* F. An equilibrium weight-loss
rate vas attained at 375° F and the experiment was
terminated. The same procedure was used for both
charred and uncharred sampies,

Results, - The observed results are g own in the
frollowing Tavulation:

Equilibrium Tetal veight
Initial| weight-lose rate jloss after
sample 1
Sample veight, teup:‘:::m 5750 !‘,277 hours at
[ My " mg/ori3Tst ¥ (Inta
6 tisl), ng
Uncharred | 2. 9389 0,24 0.56 19.7
Charred |2.5895 .15 l 22 19.2

The tabulation shows that the weight-loss
rates are very small for both charred and virgin
heat-shinld material and ere quite insansitive
to temperature. Thie veight loss probably repre-
sants the loas of abuorved contaminants.

A
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Chemical analy=sis of MA-O Heut Shield for Glast
Content and Combustible Volatiles

A chemicul analysis of the Mercury heat shield
for glags somternt vas performed. Samples cow lsted
of preflight virgin, a 4 postflight charred heat
shield materfal. ¥ot: kinds of samples were taken
from the ring region of MA-Q. A sample of each
material was cnalysed to determine in each the
fraction by weignt of combustible volatiles, the
fraction by we:zht of fiberglasa, and, in the case
of the charred heat-shield sample, the fraction of
unbound silica remaining in the char region.

The procedure used in making the cliemical
analysis was as follows: A sample, weiching approx-
imately 2 to 3 grams, was cut from the uncharred,
virgir specimen and one from the charred specimen,
Both samples were ignited in air at 1,400° P in
pletinum crucibles until the contents maintained a
constant weight. It was found that the combustible

volati.es were 30.06 percentl for the virgin heat
shield, and 24,42 percent for the charred heat-
shield material.

The silica content of the specimens was next
determined. 'The residues from the combustible
volatiles measuremeni, still in the platinum cruc-
ibles, were treated with a 5050 mixture of concen~
trated nitric snd nydrofluoric acid solution. The
molstened residues were drie’ on a hot plate and
heated with a burner. The process was repeated
until constani weights were obtained, The silica
was determined to be 39.23 percent for the virgin
material and 43.15 percent for the charred MA-9
material.

A suxmary of results and comparison with the
manufacturer's specifications for virgin MA-9 heat
shield material is given in the table which follows:

Manufac-
Sl MA-C virgin ! Charred MA.9
Somple  Rurer's |y o eninla,|heat snield,
materials pBpacifi. £ %
pation, %
Combustible
volatiles | 30,06 2k, 12
Resin contenty 31.8 32,6 26.5
Total
incrganics == 69. 94 73.58
Total silica | 36.15 39.23 h3.15
Portion of
silica in 34,98 35.68 29,01
fiberglass
Fiber-glass
content 68.2 67.33 sk, 79
Unbound
{free) - .- 12,02
silica

lAll percantage messurements are by weight,

1
$
]
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Good correlation existed between the virgin
heat-shield snalysis and the manrufacturer's speci-
fications. The analysis of the charrad heat shield
showed the loss of volatile carbonaceous materials,
the correspondiig increase in concentration of in-
orgenics, and t.e fall in concentration of undis-
turbed fiberglass in the overall ~omposition. The
total silica concentration increased in the charred
material and existed &s unbound, free siiica, prob-
ably concentrated totally in the charred regions of
the heat shield.
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TABLE I,- BIG JOE HEAT SHIELD INSTRUMENTATION

Quandrant IV

Quandrant III

+B

Quandrant I

Quandrant II

Sensor

Iocation

A, in,

B, ia.

Thermocovpie

(a)

Depth from surface, in,
(v)

0]

-T. 4

-14,8

0

N =

(A AW AC ANTAN ]
O\ & O\ &\

\O Co3 O O~

0,067
.187
Ly
67T

1,067

1.607

0.071
.191
L3851
.681

1.07T1

1,611

0,085

. 365
1,085

- 32 T )
L e
-

&

A1l theimocouples were chromel-alumel.

bThe accuracy of depth measurement is 10.COl inch.
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TABLE I.- BIG JOE HEAT-SHIELD INSTRUMENTATION - Concluded

Sensor Location Thermocouple | Depth from surface, in,
A, in, | B, in. (w) (v)
k -26.6 0 Lo 0,092
k1 372
ho 1,092
p -35.8 0 43 0.096
N .216
ks .376
46 .T06
u7 1.096
48 1.636
6 0 11.2 10 0.099
11 379
12 1.099
7 0 21.6 L9 0.086
’ 50 .206
51 . 366
52 .696
53 1.086
54 1.626
8 0 29,2 13 0,080
1h .360
15 1.080
9 0 35.8 16 0,098
17 .378
18 1.098
55 1,098
10 21.6 o} 19 0.092
20 372
21 1.062
1 29.2 0 22 0.099
23 <379
24 1.099
12 0 -11,2 28 0. 095
29 )
30 1.095
13 0 -35.8 31 0.103
32 .383
33 1,103

fa12 thermocouples were chromel-alumel.

b'.l'he accuracy of depth measurement is +0,001 inch,
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TABLE IIT,- MERCURY FLIGHT HEAT-SHIELD TEMPERATURE INSTRUMENTATION

Flight gegngnt depszgfoin. Location thexzo?z;lel Range, °F
MA2 ok 0.95 RX33, TY1 1 -20 to 500
25 .9 X0, TY2 1 <20 to 500
47 .80 IX1, TY2 2 ~20 to 800
48 .30 RX33, TY3 2 20 to 800
kg .65 RX1, TY2 2 20 to 800
50 .65 RX2%3, TY2 2 ~20 to 800
MA); 19a .65 RX1, BY1l.73 2 =40 to 1,050
19b .65 IX1.37, TY1.37 2 -60 to 1,000
20 bo IX2, BY1l.5 2 -50 to 1,050
MA-5 25 1.15 IX1, YO 1 =20 to 500
48 0.9 RX33, TY3 2 -2C to 800
49 1.15 IX1, TY1 2 20 to 800
79 .18 IX2,4, BY1,° 2 0 to 2,500
MA-S 76 .18 IX2, BY1l.5 2 0 to 2,500
MA=T 19a .65 | RX33, YO 2 <60 to 1,000
190 .65 X0, YO 2 <60 to 1,000
MA-8 1%a .65 RX33, YO 2 <60 ts 1,000
MA-9 75 .65 X0, YO 2 0 to 1,800

1']:91)e 1 thermocouple; chromel-constantan

Type 2 thermocouple; chromelealumel
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Figure 2,~ Mercury heat shield.'
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(b) Photograph of spacecratt showing part of the heat shield.

Figure 2,- Concluded,
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Figure 22.- Pnhotoaraph of typical arc-_jet test model before testing.
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