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Candidste materials suitable for use in thermal shield systems on foldable struc-
tures have been evaluated, Thermal shield folding techniques compatible with both
the mechanicsl truss and Airmat ENCAP structures also were defined.

favironmental requirements have been invest’gated for various orbital conditions,

and eniry conditions have been :lefined for a range of orbits compeatible with the ENCAP
missions,

All materiais under consideration in Phase I have been determined to be thermully
sdeguste for the required missions,

A foldebility rating index has beon established on the basis of material mechanical
properties., This index has been usod as the basis for the material tradeoffs and
aelection of the prime thermal shieid system.

The thermal shield system selected for further study is a composite elastomer’c
shield msaterial consisting of a GF. Blue overlay on ESM 1030,

Thic contract was terminated at the oonvenience of the contracting agency im-
meciately after the initiation of the Yhase II effort.
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1. INTRODUCTION

This contract was oriaented towards the dsvelopment of a flexible ablator, com-
patible with mechanical truss and Airmat structures devcloped under the ENCAP
program, This final technical report covers General Electric Company, Re-entry
and Environmental Systems Division (GE /RESD) effort prior to termination of the
program. During this period orbital and re-entry environments have been defined,
candidate material properties established, and therma! shield folding techniques
compatiblc with the required structures have been investigated and defined,

1.1 MATERIAL SYSTEMS

Candidato msterials, Table 1, wera selected for preliminary analysis o:. the
basis of their projecied capability to meet the general mission requirements, com-
bined with their adaptability to efficient folding, storage and deploymen: as a part of
the ENCAP vehicles. These materials fall into the class of low density elastomers
which combins high ablation performance with flexibility,

TABLE 1, CANDIDATE MATERIALS

Density
Material Description (Lb/F t3)
*G, E, Blue Inorganic Fiber, or Cloth Reinforced 80 f
Vinyl Silicone ?
TBS-757 Chemically Foamed, Commercial 43
Vinyl Silicone
**ESM 1040 (experimental) Chemically Foamed, Inorganic 25-50
Fiber, P.einforced, Vinyl Silicone
NASA-602 Methyl Silicone, Syntactis Yoam 35
*ESM 1004-XH Chemically Foamed, Methylphenyl 23
Silicone, Inorganic Fiber Reinforced
*ESM~1030-1 Chemically Foamed, Modified Epoxy- 18
sliicone
*ESM-1004-X Reduced pressure Foamed ESM 1004-XH 15
*GE/RESD Prcprietary Material
**0ld Designation for Flexible Silicone Ablator Series 1040, FSA-1040
1
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2. THERMODYNAMICS

2.1 ORBITAL ENVIRONMENT

The external thermal environment of an orbiting vehicle consists of radiant energy
from tiie sun, solar radiation reflected by the earth or clouds (albedo) and radiation
emitted directly by the earth. An orbital altitude consistent with an orbital lifetime
of several revolutions must be at least €0 nautical miles, Aercdynamic heating effects
above this altitude are negligible. The vehicle and mission characteristics that con-
tribute to the temperature responase of a vehicle surface include: :

1) Optical properties of the surface or surface coating which includes solar
absorbtivity, a, and infrared emissivity, ¢

2) Angle, B, measured between the earth-sun line and the orbital plane
3) Vehicle orientation with respect to earth, i.e., controlled or uncontrolled é

4) Thermal characteristics of the shield-structure composite, i.e,, thermal
conductivity (k), density (p), specific heat (Cp)

5) Heat availabie from the vehicle interior due to electrical component dissi~
paticn or the heat capacity of payload

2.2 ORBITAL TEMPFERATURE RESPONSE

For specific combinations of tke above paramieters, an equilibrium cycle of
temporature response is eventually obtained. 7he time required te arrive at an
equilibrium cycle of temperature response is dependent, of course, on the precise
combinations of the above parameters and may occur during the first orbit of exposure
or some subgequent orbit. For 8 = 90°, and no vekicle roll motion, one side of the
vehicle is continuously exposed to solar radiation and the other side is viewing black
epace. This condition sets up a steady state circumferential temperature gradient
around the vehicle. For § =0°, and no vehicle roll motion, the vehicle travels in
and out of sunlight and earth shadow, thus settiug up a cyclical temperature response
that eventually reaches some equilibrium cycle. Random sampling of availabie
flight data, Reference 1, indicates the following temperature swings during one
orbital cycle:

Exposed Material Solar 8 Maximum Minimum

Composite €~ Degrees Temperature~ °F Temperature ~ oF
0.060" Al, with 0.8 o° +180 -60
insulated bac}- ;
face i
0.2" PN over 0.8  30-400 + 80 -90
0.1" PG with on backface of PG
insulated back~
face




Of.course, if the material sample had been continuously shadoweo and essentially

irolated from the orbiting vehicle, the minimum tempserature obst rved would have
been much lower.
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i 2,3 ERECTABLE SHIELD-STRUCTURE COMBINATIONS

A review of the possible ENCAP missions indicated that the 3 foot vehicle could
be stored and/or deployed external or internal to the parent spacecraft. Storage
and deployment {nside the parent spacecraft would lead to a well defined thermal en-
vircnment whereas storage and deployment external to the parent spacecraft would
lead to a much wider possible range of temperature extremes.

- 3 2.4 RECOMMENDED APPROACH FOR ENCAP

The recommended storage location is dependent on the degree of shield system
foldability as a function of temperature over a range of approximately -10¢°F to
+250°F, This information together with the particular mission application determines
whether an active means of shield-structure tamperature control is required. Active
- temperature control could be provided by such means as integral mesh resistance
heaters or low pressure hot gas generators (120°F),
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2.5 ENTRY CORRIDOR

The various orbits from whiuh the ENCAP vehicle may have to re-enter have been
inve.tigated. Both circular ana ‘liptical orbits were considered, with altitudes rang- ]
ing from 75 to 300 nautical miles. A summary of the velocity and path angle, at a ref-
erence altitide of 400, 000 ft., resulting from firing the retro-rocket at various locations
in the orbit: is presented in Figure 1 which presents the relationship between entry
velocity and path angle and the orbital parameters at deboost (orbit anomaly, perigee
altitude, eccentricity and inclination). The deboost maneuver {8 analyzed at GE/RESD
using the REO (Return from Elliptic Orbit) program, Note that the velocity and path
angles shown are inertial values and, thus, do not show the eifect of orbital inclination,

P e e oa e

The geverity of the hypersonic entry envirciment is dependent only on the vehicle .
configuraiion parameters (Ry, 8,, W/CpA, and axial station), entry velocity, and path
angle., Hence, definition of the entry environment can essentially be uncoupled from
the original orbit andthe exospheric de-orbit maneuver and referenced only to the Vg -~
¥ g corridor illustrated in Figure 1,

2,6 ENTRY ENVIRONMENT

The primary beating parameters which determine shield thickness requirements
for a particular ablator are peak hest flux, time-integrated heat flux, und time~width
of the heat pulse, Over tbe broad srectrum of éntry conditions, these heating environ-
ment parameters can be shown as a function of entry velocity, path angle, and ballistic
coefficient as presented in Figure 2, The values shown were developed through the use
of the CREWS trajectory program (Reference 2), The CREWS approximate heating
equation for the stagnation point {8 g, = 3,16 X 1079 pmo' 5 um3 RN"°° 5 twhere the time-
historier of the free stream velocity and density are influenced by vehicle shape and
size and the atmospheric denaity profile, The CREWS technique is superior to other
approximate techniques which are based i olely upon initial entry conditions and an
idealized atmosphere.

The approximate technique employed to determine the heating environment over a
broad spectrum of entry conditions results in less than 10 percent error in heating which,
in turn, translates into a rauch smaller percentage error in the determination of shield ,
thickness. After design trajectories have been selected on the basis of ths trends of the
approximate results, more precise tools are used to determine shield thickn¢ -3 for '
those design points, These tools include the Six-Degree-of-Freedom trajectory program
and the Planetary Aerodynamic Heating Program (PAHP) descrited in Appendix A.

Figure 2 shows peak cold wall convective heat flux, time-integrated convective heat
flux, and time-width of the heat pulse as a function of path angle and ballistic coefficient,
for a 3 foot base diameter, 50° sphere cone with a bluntness ratio of 0,6, and an initial
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Figure 2, Effect of Ballistic Coefficient and Initial Path Angle on Entry




entry yplosity of 25, 500 ft/sec, Heating for the entry corridor defined in Figure 1 is
relativély insensitive to entry velocity., The use of a specific entry velocity of 25, 500
ft/sec, rather than the actual velocities which range from 24,800 to 25,600 ft/sec,
produces errcrs of less than 8 percent in peak convective heat flux and less than 6 per-
cent in time-integrated heat flux for any point in the entry corridor, and considerably
smaller errors for those points considered as design trajectories.

2.7 PRELIMINARY DESIGN TRAJECTORIES

The process of determining shieid thicknéss requirements includes the selection
of one or more design trajectories, The insulative thickneas requirement increases
both with the time-integrated heat {flux and the time-width heat pulse, It can be seen
in Figure 2 that an entry with a ballistic coefficient of 21 and path angle of 1° is the
most sevare in both these respects.

For the 3 foot vehicle, which has as a ballistic coefficient of 21, Figure 3 shows
the approximate values of the heating parameters as a function of path angle and ve-
hicle station, Depending upon the entry corridor and the shield material used, maxi-
mum shield thickness requirements may occur for a steeper trajectory because of
recession of tho surface of the shield during the ablation process., However, as will
be shown, surface recession is not expected to be & factor in the selection of the de-
cign trajeciory for these :andidate material systems and this range of entry conditions.

For the design trajectory at W/CpA = 21, ¥ = 1°, the Planetary Aerodynamic
Heating Program (PAHP) was used to determine more precise h2ating as a function
of time. Figure 4 shows the heat pulse at the stagnation point, the sphere-cone tan-
gency point, and end of skirt. The design trajectory used by Lockheed is also shown
for comparison; note that the GE/RESD preliminary design trajectory is more severe
both with respect to time-integrated heating and the time-width of the heat pulse, and
thus it will require a greater shield thickness.

2.8 THERMAL PERFORMANCE OF MATERIALS

Figure 5 shows the criterion used to determine the time of boundary layer transi-
tion to turbulent flow. By comparison with Figure 4 it can be seen that the 3 foot
vehicle turbulent flow does not occur until the heating is insignificant. Therefore, the
laminar heating spproximations shown in Figures 2 and 3 for the 3 foot vehicle are not
affected by consideration of turbulent fiow., Figures6 and 7 show PAHP predictions of
hest flux and szrodynamic ghear maximums along the vehicle, Note that aerodynamic
shear levels are not significant,

Thickness requirements for three well characterized materials of the silicone
elastomer family were determined using the Reaction Kinetics Ablation Program.(REKAD),
Appendix B, and are presented in Figure 8. The three materials used as representatives
of the ailicone elastomer family were ESM 1004X o, = 15 1bs/ft3), ESM 1004AP by
35 1bs/ft3), and RTV 560 o, =88 1bs/ft3), The REKAP models developed for prednction
of thermal response of ;hese materials have been confirmed by several plasma jet ground
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tests beth for substrate temperature response and surface recession rates, Reference 3
contains an exampie of such a development, Surface recession rates of closed cell ESM's

of various dens ¢ have been correlated as a function of heat flux, enthalpy, surface
preasure, and d- -ty of the material, The correlation is presented i Reference 4 and
fncludes dai ¢ ¢ caght test facilities. Thermophysical properties employed in REKAP
are shown ir I'able 2,

The thicknesses shown in I"igure 8 are those required on the stagnation poir’ to
prevent the backface temperature from exceeding a given maximum, Note that the rel-
ative ranking remains similar across the temperature range. It should also be noted that
for the ESM 1004X thicknesses shown it is assumed that a thin layer of high density ma-
terial is overlayed to prevent direct boundary layer heating in-depth, due to the high sur-
face porosity of this material. If ESM 1004X were used without the overlay, a gruater
thickness would be required. Throughout this study, a high density overlay is presumed
present on all materials where surface porosity would cause increased in-depth heating.

The materials under consideration are all members of the silicone elastomer family
and are assumed to have similar internal chemistry, Therefore, the assumption is made
that the relative thicknesses required for these materials to protect to a given backface
temperature can be assessed by ranking their relative insulative performance. Classical
transient temperature response of an insulator of known thickness exposed to a sinusoidal
shaped heat pulse of known dimensions is presented by Schneider in Reference 5. From
Reference 5, a thermal diffusivity and thickness parameter, a/62, can be determined ¢s
a funct.on of kp Cpr for agivenheat pulae; the function approximates a straight lne (log
scale) over the range of properties and thicknesses evaluated in this study, Figuve 9
shows the variation of thermal diffusivity as a function of temperature for the various
materials under consideration. it can be seen that {he relative properties of each mate-
rial vary with temperature; thus, in using the prese:t method to compare predicted
performances, it is necesaary to select a representative temperature to obtain the
properties, Figure 10 is adapted from Reference 5. The thicknesses determined by use
of the REKAP program are indicated using the proven REKAP material models for three
well-characterized materials: ESM 1004X, ESM 1004AP, and RTV 560. The location of
the line illustrated as "*theory" is that determined by use of Reference 5, using a repre-
sentative net heat pulse for the entry condition noted. As can be seen, use of material
properties at 860°R gave results consistent with theory. Figure 16 can be used, then, to
approximate the relative thickness requirements of the other materials, Using this
method, based on the properties at 860°R, relative thicknesses have been determined
which are presented in Figure 11a (thicknesses are expressed relative to the thickness
requirement for ESM 1004X with a high density overlay). Figure 11b presecnts the recla-
tive weight requirements {or the same materials. Note that those materials most attrac-
tive from the point of view of minimizing thickness are generally least attractive where
weight is a consideration, Properties used in this analysis are shown in Table 3.

The materials include compesite systems consisting of a low density material over-
layed by GE Blue, It was originaily thought that minimum thickness and/or weight re-
quirements might be obtained by using a high density overlay material to som2 particular
depth, such as the degradation depth, then using a lower density material as the insula-
tive layer. The validity of this suggestion, in this regime of heating, was assessed and
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TABLE 2, THERMOPHYBICAL PROPERTIES EMPLOYED IN REKAP
ESM 1004 X ESM 1004 AP | RTV 560
Virgin Density, o, ~ 1b/#t3 16 36 88
Char Density, p_~ /8 6.83 14.4 35
Surface Emiasivity .8 .8 .8
Pyrolysis Gas Specific Heat, Cp .4 0.384 .384
Btu/1b °R g
Order of Reaction 2 2 1
Pre-exponential Factor, Z ~ sec . 15,000 30,000 6070
Activation Energy, E ~ Btu/Ib Mole 47,700 47,500 40,100
Heat of Decomposition H 1335°R 50 50 50
Btu/Ib Gas Generated 8 1480 45 45 45
1710 1000 1000 1000
1960 2610 2610 2610
Specific Heat, 610°R .32 0.313 .313
C_Btw/1b °R 710 .327 0.365 . 365
P 1210 .440 0.449 .44
2075 .440 0.440 .44
Conductivity, k Virgin 610°R . 0000130 .0000237 .0000619
Btu/ft - sec °R 8680 ,0000178 .0000219 . 0000572
1335 .0000208 .0000211 .0000551
1710 . 00002349 . 0000237 .0000619
Char 1335 . 0000670 .0000781 . 000204
1710 . 0000765 .0000876 . 000229
2210 .0000902 .0001036 .000270
TABLE 3. PROPERTIES AT 850°R
5 o5
k x 108 ] Cp ax 10 (k p Cp)
ESM 1004X 1.78 15 .37 .3204 . 00993
ESM 1030-1 1.87 18 477 . 1597 ,01085
NASA 602 2.06 35 .40 L1472 .0170
TBS 757 2,08 43 .365 . 1306 0179
ESM 1040 2,72 46 .362 .1633 0218
ESM 1004X1I 1.1 23 .344 .2161 L QLR
RTV 630 3.7 80 .36 .1285 .03%6
E5)M 1004AP 2.19 38 .429 . 1458 .0183
RTV 5080 5.72 88 .429 . 1615 ,0465
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is presented in Figure 12, A REKAP prediction was made using a thickness of RTV
560 representative of the degradation depth, over ESM 1004X, Note that 40 percent
of the total thickness is RTV 560, Note also, that rather than minimizing the thick-
ness, the rasultant is 40 percent of the way betwesn the thickness requirement for
RTV 560 and that for ESM 1004X, It is concluded, therefore, that the minimum
thickness composite would be one consisting solely of RTV. Similarly, it can be
concluded that the lowest we :ght coraposite is one consisting of ESM 1004X with only

sufficient overlay to prevent a problem from high surface porosity or where surface
recession is controlled, as discussed below,

2.9 EFFECT OF SURFACE RECESSION ON PERFORMANCE

For the class of rilicone ablators under consideration, surface recession increases
with the peak heat flux and the time-width of the Leat pulse. Since time-width is strong-
ly affected by path anglc and is relatively ingensitive to ballistic coefficient, as can be
seen in Figure 2, surface recession, if it exists, will begreatest for an entry with a
peath angle greater than 1°, Since the time-width of the heat pulse decresses, Figure 2
cannot be used to aelect the entry conditions which will resuit in the greatest surface ) |
recession, As will be shown, selection of that point is not necessary to evaluate rela- ;
tive ttickness requirements of the shicld materials, as surface recession is predicted
to be /nsignificant on the foldable portion of the shield throughout the entry corridor,

Figure 13 shows the surface temperature at which surface recession has been ob-
served to commence for various densities of ESM and shows surface temperature as a '
function of heat flux. It is noted in Fig.re 14 (which is the result of REKAP predictions ’
for an RTV 560 over ESM 1004X composite for a trajectory with W/ CDA = 21, YE= 1°)
that predicied peak wall tempersture during re-entry is significantly reduced by even a
thin layer of the higher density material. Thus, by using a sufficient layer of high den-
sity material on the surfac2, a significantly higher heat flux is required to initiate sur-
face recession., Referring to Figures 3 and 13, it can be seen that on the folding portion ,
of the shield, aft of the sphere-cone tangency point, surface recession is not expected i

for path angles of less than 5.6%, if a high density silicone elastomer {s used on the ;
shield surface. '

It is noted that this analysis regarding surface recession is based upon the approx-
imate heating parameters of the CREWS program, Phase II analysis using more pre-
cise techniques may indicate that some surface recession can occur at the highest path
angles; Lowever, since the time-width of the heat pulse is narrow at high path angles,
total surface recession, if it exists, will be slight, The effect of vehicle size on surface

recession is seen in Figure 15, which showa approximate values of heating at the sphere-
cone tangency poiut a8 2 function of vehicle gize (assuming = constant W/CpA). Note
that the peak he:t fluxes on the foldable portion of the shield dacrease as shield size in-
creases. Thus, no surface recession will occur on the skirt of the larger vehicles,

Note also that the 3 foot base diameter vehicle has the largest thickness requirements

{insulative thickness decreases with decreasing time-integrated heating), i

i
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’E; : The relative thicknesses.shown in Figure 11 are therefore considered to be valid
- for use in selecting the shield matorial throughout the entry corridor, The effect of ;
l ‘ surface recession on the thickness requirements at the stagnation point of the vehicle,

i as well as.the possible presence of surface recession on the skirt with an increase in
' path angle; will be éxamined further as part of the Phase II effort,

3.10 SHIELD THICKNESS REQUIREMENTS

Based on REKAP predictions (for ESM 1004AP and ESM 1004X with high density
overlay) and the relative thicknesses shown in Figure 11, preliminary estimates of

shield thicknesses along the body are shca in Figure 16 for the various candidate
shield systems,
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Figure 16, Estimated Shield Thickness Requirements
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3. STRUCTURAL MECHANICS

Zesults of the contract effort to define heat shield folding techniques applicable
to the ENCAP structures are presented in this section, Only preliminary drawings
of the 3 foot diameter Lockheed mechanical truss vehicle were available and utilized,
No details of the Goodyear AIRMAT vehicle were available 8o it can only be assumed
that the techniques considered and commentary on each are jointly applicable to both
structures,

3.1 FOLDING REQUIREMENT

The Lockheed folding structure consists of twelve folding ribs pinned at the
forward section to an inner base ring and having folding cupability of approximately
50 degrees, The aft section of the ribs is attached to a folding base ring, Internally
mounted in the structure is a 6 inch diameter parachute canister. In the deployed

position the structure with heat shield and supporting membrane attached approximates

& 50 degree half angle sphere cone structure having a 3 foot base diameter, The neat
shield and supporting membrane are in a tension field in the deployed position by
means of a preset diameter wire cabie pulling the composite over the aft end,

The stowage container for this structure is a cylinder having an inside diameter
of 15, 875 inches. Whenstowed within this diameter, the structure can be theoretically
folded to between approximately a 10 degree half angls sphere cone having a base
diameter of 12 inches and a 14 degree half angle sphere cone having a base diameter
" of 15,8 inches, To fold to the 10 degree helf angle cone configuration requires that
the base ring be rotated out of plane as it is folded. It is not known whether this can
in-fact be accomplisted or, if so, with what degrev of difficulty, Base ring linkage
interference appears to be the limiting item with respect to folded diameter,

If the structure can be folded to the 12 inch base diameter configuration there
would be availsble approximately a 2 inch annulus for packaging of the heat shield
external to the structure, If, however, linkage binding and/or interference occurs
and the structure can only be folded to the 15.3 inch diameter configuration the
only packaging volume available in the vicinity of the aft ring would be internally,
between the linkage, Figures 17 through 20 show the structure in the deployed
configuration and in the stowed configuration, considering both extremes, and
indicate available packaging area,
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Figure 19, Structure in Stowed Position (1 50)
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3.2: HEAT SHIELD FOLDING CONCEPTS

To establish a preferred method of folding a ireat shield material within the
packaging volume availsble in the stowed condition, five folding concepts have been

oonsidered, The advantages and disadventages of each are discussed below,

Of all the arrangements considered there are only two which show sufficient
merit for consideration, namely, composite bending and the slit shicld, It is
recommended that the composite bending arrangement be selected as the preferred
approach and that the shield be slit at selected locations if bend radius becomes
¢ritical, Additional flexibility can be achieved in the composite arrangement by
consideration of such techniques as coring to ramove material thereby effectively
reducing the system modulus,

3.2.1 Composite Bending (Figure 21a)

In this arrangement the heat shield is completely bonded to the wire cloth membrane,
A thin overlay material may be required for the heat shield to improve its tear resistance
and notch sensitivity, In considering this system it has beer assumed that the heat
shield extensional stiffness is very small compared to the wixe cloth and overlay, With
this assumption it can be qualitatively atated that there will be insufficient lateral
support for the outer facing loaded in compression and that local buckling of the facing
will occur, This will have tne tendency to shift the neutral axis of the composite
toward the facing loaded in tension minimizing tensile strain and tear probability.
The advantages and disadvantages of this concept are as follows:

Advantags

¢ Continuous heat shieid
s  Continuous bonding of shield to membrane
"o Relatively easy fabrication )

Disadvantages

¢ Requires flexible heat shield material

¢  Minimum bend radius restrictions

o Post buckled state of compression face

® Permanent sei in folded condition musi be overcome
during deployment,

3.2.2 Slit Shield (Figure 21b)

In this arrangemcnt the shield is similar to the composite arrangement with the
addition of slits, The slits increase the flexibility of the system in positive bending,
In negative bending the behavior is identical to composite bending, The degree of
flexibility increase is a function of the number and spacing of the slots, If slots arc
spaced sufficiently close, the interaction of the heat shield material and cloth could be
minimized and a rigid heat shield material utilized, The advantages and disadvantages
of this concept are as follows:
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Advantages

¢ In positive bending minimum bend restriction can be eliminated locally

¢  Allows use of rigid heat shield materisls

¢ Keduces tensile strains in heat shield material

¢  Forces to overcome permanent set in folded condition are reduced,
Disadvantages

®  Heat shield surface .s discontinuous
e  High bond peel atresses at discontinuity
¢ Increased manufacturing complexity,

3.2.3 Slit Shield Line Attached (Figure 21c)

This arrangement is similar to the slit shield except the heat shield sections are
attached only over & narrow band. Althongh it appears that flexibility may be increased
there is no reliability in such a system and it should not be given further consideration,

3.2,4 Accordica (Figurs 21d)

Both concepts depicted have increased bending fiexibility but have the major
dissdvantage of having an irregular surface during flight. Packaging volume to
accommodate the corrugations would also be prohibitive, This arrangement should
be given no further consideration,

3.2,5 Laminated (Figure 21ej

In this arrangement, the heat shield is built up fcom thin laminates, such that
shear rigidity is significantly reduced. Overall bending flexibility i8 increased by the
factor N“ for a constant total shield thickness, where N is the number of laminates,
Each section of each laminate would be attached locally by bonding or other mechanical
means, which would grestly reduce the reliability of the system, In addition, manu-
facturing consjderations make the concept unatiractive. This arrangement should be
given no further consideration,

3.3 APPLICABILITY OF RECOMMENDED CONCEPTS

The two most promising concepts, composite bending and slitting of the heat
shield material, have been examined to determine if they can be utilized to package
the heat shield in the available volume and to determine the material bend requirements,

Figure 22 shows the condition of a heat shield in composite bending when packaged
within maximum available volume, The difference between (A) and (B) is the direction
of the force applied to the shield during packaging. (A) requires tangential force
whereas (B) can be packaged with radial force only, Both schemes appear to be
equally feasible, {A), however, does not require as small a bend radius and appears
to have more capability to accomniodate itself to available volume, Of these two
configurations (A) would appear to be the preferred approach,
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Figure 22, Ileat Shield in Composite Bending
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Figure 23 is the same approach as used in Figure 22 with the exception that in
the xyaas where the hoat shield is bent to small radii and the outside surface is in
tension the heat shield has been slit, In (A) no advantages are obtained by slitting
since the remaining bend radius remains the sams, In (B), however, the addition
of the slits is sufficient to relax the system and more than double the radius of the
remaining bend, This arrangement therefors has appeal if the material stiffness
is too groat or {f packaging requirements tighten, Figure 22 (A), however, remains
the prefexred approach,

This work was performed assuming a heat shield thickness requirement at the
aft end of 1/4 inch, On this basis the composite heat shield requires a minimum
bend radius capability of approximately 1/4 inch,

Two approaches have been considered { the event that the packaging annulus
is prohibitively small and internal packaging must be accomplished locally at the
aft end, These are shown in Figures 24 and 25. In both cases packaged volume of
the heat shield is reduced, This is accomplished in Figure 24 by either thinning
the heat shield locally or pinching (compressing) the material between the folded
links, In Figure 25 this is accomplished by utilizing a band of heat shield material
that is shorter in the packaged condition than in the deployed condition, By having
intermittent adhesion to the membrane, stretching of the heat shield can taken place
during deployment, The major drawback with this arrangement is that if the heat
shield material should tear in the deployed condition there would be no adhesion and
thermal protection at the aft end would be compromised. Both cases also require
that the composite heat shield be capable of being folded back upon itself with zero
radius bends, Although neither approach is very satisfactory it is recommended
that the concept of Figure 24 be carried as an alternate and given additional study.

Two aspects of the packaging problem require further definition, First, is the
length along the shell meridian for which the heat shield would have to bo slotted.
Second, is the double bend requirement of the heat shield and wire cable that wraps
over the aft section, Beth of these must be developed during future studies before
final design selection.

3.4 FOLDABILITY RATING

It isnecessary to rate heat shield materials according to their "foldability",
The factors involved in establishing such a rating are:

- ultimate tensile strength
tear strength

- ultimate strain

- Poisson's ratio

- modulus of elasticity

-~ " permanent set
mintmum bend radius
heat shield thickness

1 wmTAQQq
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Figure 23, Heat Shield in Composite Bending and Slit
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Figure 24, Alternate Approach for Aft End Packaging of lcat Shicld by
Thinning or Compression
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+ WIRE CLOTH BONDED TO H/S
IN THIS AREA ONLY

Y|

4 H/8 FABRICATED LENGTH = 8,16"
PACKAGED” (STRETCHED LENGTH = 9, 46")
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Figure 25, Alternate Approach for Aft End Packaging of Heat Shield
by Stretching
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For a single thickness linear elastic material

2

Extensional flexibility = —%1”-1——; Recoverability = .;,
2

Flexural flexibility = 28¥)—; peployabittty = --éi-s-

Et

The notch resistance of a folded sheet is proportional to the tear strength and
inversely proportional to the minimum hend radius:

. assume that resistance = gt

(k = oconstant)

The short term ability to deform non-linearly is proportional to the ultimate
strain, The recoverability from a folded condition (deployability) is a function of the
modulus change with time and temperature,” Deformation tests measuring the
permansnt sst of specimens subject to a fixed compression will give an indication
of this recoverability,

Therefore, for rating purposes assume material 1, the base material, to be
used as datum, is ESM 1004 X and all other single materials or composites will be
related to this, For material 2 rationalizing we have:

Category (B
1-.v22 { Eitla Eltl»a
R, = Flexibility factor* = - ey
A Et3] \14.2 Eat 3
22 1 2
Category
2 r
RB = Notch Resistance factor = /crtz T 1
) G
Category (©
El 81
R, = Deployability factor =
C E282

3¢ 18 1ikely that the Polsson's ratios for most I>ldable heat shield matcrials are
similer and can be ignored inthe rating.

w 3. s




s an example of this the A rating of ESBM 1030-1 ovar the reference material
ESM1004 X at 100°F, assuming say 80 percent ofthe ESM 1004-X thickness is
nedesdary for thermal requirements, will be

3
27 1,0
&% s
R © (40) (o.s) - 1.2
(this uses the lower confidence limits on E), Therefore, the reduced thickness of

1030-1 is 32 percent more flexible than the 1004-X, despite the increase in modulus,
The other ratings can he assessed when data becomes available,

For composites the flexibility factor will be modified, viz:

.
A T EILVEL FET

<l

where I = 2nd moment of area of each sect,
For the single slap L=t 3/12

3 2
For the composite slab I =2 & aly - -:;)

2
[ q [ -
Io = 12 c(a 2 y)

where ; = the distance of the neutral axis from the top surface determined by setting

/ —-m— or f——L—E da_ - 0
2
- r(l-v) A r(l-v)

When surface buckling occuxrs on the inner bend
surface due to the lack of lateral stiffness, then
the NA will shift towards the tensile surface,
material C will become ineffective and the com-~
posite will behave as a two-layer system, The
net effect of this will be to redu~e the outer
surface tensile stresses and the subsequent tear
possibility,

For composites, ratings B and C should be applied to both the outer materials
if inner surface buckiing is known not to ocour and to the outer and center if it does,

36




e SR

] Y Ve PR

PG R 5

AN TR L T, AP L Ay

4. MATERIALS PERFORMANCE

Base materials properties data are required to assess the relstive performance
characteristios of the candidate materials for application in a foldable heat shield
system., Thermal properties are necessary to predict ablation/insulation performance
and to &:ze relative heat shield thicknesses, Mechanical properties are required
to evaluate the foldability and structural characteristics of the proposed heat shield
systems. The specific properties of interest and the temperature range of the
measurements are shown in Table 4,

The specific experimental techniques which were used to generate data as part
of this program are discussed in the following paragraphs.

TABLE 4, MATERIALS PROPERTIES

' Property Temperature (°F)
Thermat
Density, p 80
Thermogravimetric analysis, TGA 80 - 1800
Thermal conductivity, k 80 -~ 500
Specific heat, Cp 80 - 500
Mechanical
Tensile strength, o -200 - 300
Elongation, e -200 - 300
Elastic moduius, E -200 -~ 300
Tear strength, o 80
Compression set, S 80
Minimum bend radius, R 80

4.1 THERMAL PROPERTIES

Thermal conductivities were measured using a Dynatech TC-1000 thermal
conductivity comparator with a 2-1/2 inch square test specimen, Measurements
were made in 1 atmosphere of nitrogen at several temperatures from 100°F to 550°F,
Several iest points were also obtained at reduced pressure (10"3 mm Hg or less),

Specific heat values were obtained at 150, 350, and 500°F in 1 atmosphere of
nitrogen using the Perkin-Elmer Differential Scanning Calorimeter (DSC-1). A
minimum of three 15 to 30 mg, samples of each material was tested. The reported
value represents the average of the individual measured values,
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Thermogravimetric analyses (TGA) were performed in vacuum (10—3 mm Hg
or less) using epproximately 20 mg test samples, Sample weight wa.s monitored
\ with a Cahn RF Electrobalance and recordod as a function of temperature, Test
9 runs were made at heating rates of 10°C/min, and 5,5 - 8,5°C/sec. for each -
material studied,

Resulte aie summarized in Table §,

H

TABLE 5, THERMAL PROPERTY DATA SUMMARY !

3 ESM | ESM ESM NASA | TBs |EsM |GE
3 Property |,004-x | 1080 [1004-xH | 602 | 757 |1040 |Blue

4 “Density, P
L (Ibs/ft°)

| TGA
10 percent o o o o i o o o
weightloss | 770 F | 7560°F | 870 F | 700 F : 900 F| 600 F|950 F

3 50 percent o o o o
weightloss | 1170 F | 980 F 1280°F (810 F - 930 F| ~
3 w/wo at

1600°F 0.87 0.15 0.42 0.26 : 0,63 10,33 lo.60

Thermal
Conduc- _ i
tivity, at !
150°F |
E (105 BTU/
E ft-sec-F) |1.24 1.28 1.50 2.05 2,00 [2.70 (4,82

g Specific
; Heat, Cp
at 150°F : -;
\ (BTU/Ib- \ 3 ?
- OF) 0.81 ;0,37 0.29 0.40 0,31 10,32 0,32

4.2 MECHANICAL PROPERTIES

, .
A OO P ARG R R

Tens{le tests were performed to define ultimate tensii- strength, elastic modulus : ~
and ultimate elongation of the candidate materials, Dumbell type specimens 6 inches
long by 2 inches wide with 1 inch wide reduced gage widths were tested with an
Instron test machine, Test temperatures were attained in a convection oven utilizing
liquid nitrogen for low temperatures. Strain measurements were approximated
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from machine crosshead displacement curves to evaluate clastic modulus and elongation,
Since Tliniited number of samples of ESM 1040 and TBS 757 were available, some

of the tensile property functions for these materials were predicted based on the known
behavior of similar materials.

Compression set characteristics were measured using the basic technique described
in Federal Test Method Standard No. 601, Method No, 3311, Round specimens (1.625
inches diameter) approximately 1/2 inch thick were compressed to a thickness of 0,250
inch. Specimens were maintained in this state, at room temperature, for eight days
after which the compressive force was removed, Final thicknesses were measured 20
minuies after removal of the compressive force., Where sufficient samples wexre
available, measurements of compression set were made after two days and/or four
days. In all cases compression set, S, was calculated as a parcentage of the original
compressive strain, i.e.,

t -t

0 f
8 < 1 (100 %)
o c
Whare: to = initial thickness
tf = final thickness
tc = compressed thickness = 0.250 inch

Minimum bend radii were established using 2 tach by 4 inch test specimens which
contained opposing 1/2 inch long slits at the center of the 4 inch edge. These slits
were included to simulate a flaw in the material which would provide a tear propagation
site. These specimens were bent and fastened around cylinders of various radii and
the width of untorn material between the slits was measured as a function of time
for up to eight days. An arbitrary failure criterion of tear propagation through one-
third of the initial specimen width between slits in eight days time was used to
establish minimum bend radii, The minimum bend radius for which a material can
survive the faiiure criterion was estimated by interpolation of the rieasured test data
and i8 reported as the minimum bend radius,

The tear strength of each of the candidate materials was determined by the technique
of Federal Test Method Standard No, 601, Method No. 4711, using the die C specimen,
These tests were performed in an Instron test machine,

Results are summarized in Table 6.
4.3 MATERIAL SELECTION TRADEOFF

Since any of the candidate heat shield material systems can be sized to provide
adequate thermal protection for the entry conditions under consideration, the material
selection iradeoff criteria can be limited to foldability, weight, and overall thickness.,
In order to perform a meaningful tradeoff analysis, it is desirable to obtain quantitative
rating factors for each tradeoff criterion for each candidate system. This approach
is discussed in the following paragraphs.
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TABLE 6. MECHANICAL PROPERTY DATA SUMMARY

(veraee value | Z6M | ESM | ESM | NASA |TBS | ESM | GE
’,“"o 2004-X* | 1030* | 1004-XH*| 602 757 | 1040* | Blue*
3 at 80 F)
- 3 Density, £ 15 18 23 35 43 |46 |80 ‘
i (ba/ne)
Tensile
strength, ¢
3 (psl) 9 20 24 35 84 88 670
‘ Elastic
; moduluz, E
(psi) 43 45 60 1650 | 290 | 200 [1190
: Elongation, -
e (percent) 22 45 39 4 27 47 54
Tesr Strength,
o (Ib/in,) 2.4 2.1 4,2 5.4 18,2 { 17.6 |45
Compression
set, 8 (percent) | 5.8 2.0 9.2 30 7.9 |11 3.6 .
e r=dius, R f
3 (thickness N
fraction) 1.6 1,9 2,8 15 2,5 |1.6 |1.9

*After 8 days at 50-percent compressive strain

4 The foldability of candidate heat shield systems may be considered to be a function
of three factors:
'h 1) Flexibility - the ease with which the material syatem is initially folded,

2) Tear resistance ~ the ability of the system to resist tearing and maintain
its structural integrity in the folded state,

3) Recoverability - the ability of the system to resist permanent deformation
in the folded condition which would impair its capability to return to its
initial geometry upon unfolding,
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For a single thickness of a linear elastic material, flexural flexibility can be

givep by:
3
1-p
F =<5
. Where: pyp =
E -
! =

Thus, we can can define a flexibility factor, Ry,
system to some reference system,

Poisson's ratio
elastic modulus
momaent of {nertia

by normalizing F for a given material

R o= 2 . B4
AT T AR

The (1 -vz) term vanishes since Poisson's ratio is assumed equivalent for all

materials under consideration,

*BL

E I

For a two layer composite, R A must be modified,

R AT

2nd moment of area of section
overlay, ablator

reference system

system under evaluation

The shove equation was used to obtais a quantitative flexibility rating for each of the
candidate heat shield systems,

Tear resistance, N,
to minimum bend radius,

44

is proportional to tear atrength and inversely proportional

Normalizing this tear resista~ce rating to a reference system, we have

N
Ry =2 -
1
Where: ct =
r »m

) &)
G9/ \ Ty
tear strength

minimum bend radius

This equation was used to compute a tear resistance factor, RB’ for each candidate

heat -hield system,
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Recoverability, as defined earlier, is inversely proportional to compression
adt, “Thub, a recoverability factor, Rc. oan be derivad yielding:

n --21-'-
C 82

Where: 8 = compreasion set

4.3.2 Weight and Thickness

In a similar nrxnnor, weight (Rw) and thickness (RT) factors can be calculated,

vig:
Rw = .-Y!‘-.
W,
T
by -—1-
Re T2
Where: W = total systom weight
T = total system thickneas

4,3.3 Tradeoff Summary

The flve rating factors discussed above were computed fox each of the candidate
material systems using the mechanical property data in Tsble 5. An overlay thick-
ness of 0, 020 inch was used for the three composite systems, ESM 1004X with a GE
Blue overlay was chosen as the reforence aystem since ESM 1004X is probably the
best characterized material under consideration, The rusults of those computations
are shown in Table 7. The right hand column in this table gives the aversge ratio
factor for each material, GE Blue/ESM 1030 is observed to have :he highest overall
average rating as well as the highest averuge rating in four of the five rating categories,
Thas, unleas overall thickness is waighted far more heavily than any of the other
criteria, GE Blue/ESM 1030 is clearly the superior system relative to the cr.ceria
considered here,

Based on this tradeoff analysis, GE Blue/ESM 1030 is the selected heat shield
system. It should be pointed out, however, that further thickness definitions may
possibly make it desirable to re-evaluate this selection if the total thickness gives
rise to sdditional constraints such as might result from packaging restrictions.

4,4 FLEXIBLE SILICONE ABLATOR SERIES 1040 (FSA~1040)

Studies performed during this contract included & comparison cf data with propri-
etary thermal protection material designated ESM-1040,
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TARLE 7, MATERIAL TRADEOFF

) 7@
Wystem R, Ry R, Ry R, it
GE Blue/ESM 1004-X .00 1.0 100 1,00 1.00 1.00
GE Blue/ESM 1030 2.26 1.00% 2,90 1.18 1.48 .175

GE Blue/ESM 1004-XH .50 1.00%  o.63 0.8 1.25 1.05

NASA 602 0,30 0, 02 0,19 0,70 1.63 0,57
TB8-757 2,05 0.30 0,73 0.66 1,71 1.09
ESM 1040 2,17 0, 50 0,53 0,57 1.58 1.07
GE Blue 0,70 1,00 1.61 0,39 1,01 1.12

Nctes: (1) GE Blue Overlay thickness = (,020 inch
(2) Average of five rating factors
(3) Computed for GE Blue overlay

The marginal compression set ead the low residual weight fraction data reported
in Tables 5 and 6 combined with density control difficulties experienced during fabri-
oxtion led to an extensive change in the chemistry of our flexible ablator system,

The new material developed has been given the designation of Flexible Silicone
Ablator Series 1040 (FSA-1040),

F8a-1040 is based on the addition polymerization siliconie ¢lastomers. These
resins are known for their inherent toughness and flexibility combined with the high
thearmal atability typical of the silicones,

Laboratory studies thus far have shown the feasibility of prodicing closed cell
foams within the density rangs irom 10 - 80 1bs/ft3, These development samples
have shown flexibility fsx superfor to any knowa thermal ablation material.

Imaufticient ablation, thermai and mechanical property data were available at the
writing of this report to factor into this study. However. tests are now in progress
under the Company-sponsored program to qualify this material system for future
foldable re-entry body applications.,
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APPENDIX

NOMENCLATURE
Pre-exponential factor
Specific heat Btu/1bm°R
Specific heat of the pyrolysis gases generated Btu/1bm°R
Activation energy Btu/lb-mole
Configuration factor
Emissivity factor
33.2 ft/sec’
Enthalpy Btu/1bm
Altitude at apogee
Altituda at perigee
Heat of decomposition Btu/lbm
Heat of oracking Btu/lbm
Orbital irclination degrees Nof E
778 £t 1bf/Btu
Thermal conductivity Btu/ft sec’R
Latert heat of vaporization Btu/lbm
Time rate of generation of gases lbm/ftzsec
Aversge molecular weight of the beundary layer 1bm

Average mclecular weight of the gases injected into the Ibm
boundary layer

Pressure lbf/ft2

Prandtl number

2
Heat flux Btu/ft sec

14




qm‘;gf «Hes flux blocked by escaping pyrolysie gases

Convective heat flux

Radiative heat flux caused by hot gas radiation
Net heat flux entering the surface

Reradiated heat flux

Heat flux absorbad by the vaporization process
Film coefficient = ¢l¢/(hR - h\v)

Gas constant, 1,988 Btu/Ib-mole?R

Nose radiue

Base radius

Wetted length

Surface recession rate

Time

Temperature

Surface temperature

Melt threshold temperature

Velocity

Depth (sppendix)
Axial station (test)

Rodius of body measured from the axis of symmetry

Thickness
Thickness «{ the boundary layer (appendix)
Displacement thickness

Emiasivity

Btu/ttzaec
Btu/ftzaec
Btu/tt%sec
Btu/ftzuc
Btu/ftzuec

Btu/ft%sec

ft
ft

ft

ft/sec
(unless otherwise noted)

sec

OR
(unless otherwise noted)

OR
°R
ft/sec
ft

[
(unless otherwise noted)

ft

ft
(unless otherwise noted)

ft
44
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3 =
. " Orderof resction

4 B Viscosity lom/1t sec

P Density tbm/tt®

p,  Density of the char bm/tt3
2 @  Folar sheorbtivity
; : a Thermal diffusivity = k/p Cp ftz/loc
‘ ? ] Angle measured between the sarth-s#un line and degrees

= the orbital plane

| 0, Vehicle half cone angle degrees ’
W/CpA Ballistio coeffiolent ib/te’
_ Pain angie degrees

’ v Velootty ft/sec

o Stefan-Boltzman constant = 4,76 x 107 -

2 sec

; T Aerodynamic shear lbt/ftz

1 Swperscripts

* Measured at the referenre eathalpy conditions

i Subscrip¢s

* BF At the backface

~ c Char

[ Convactive

7 e At the edge of the boundary layer

L Laminar .

‘:7; 46 M
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Recovery Condition
Turbulent

Virgin

wail

Stagnation condition
Freestream

Entry condition
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AFPENDIX A

PLANETARY AERODYNAMIC HEATING PROGRAM (PAHDP)

The PAHP program (Refersnces 6, 7, and 8) calculates heat transfer rates to the
stagnation point and up to 50 body points using Lees' laminar theory (Reference 9) mod-
itled (Refersnce 10) to include the offect of finite preasure gardient using Blsusius' in-
compressible flat plate skin friction coefficients modified for compressible flow by use
of Ekert's reference enthalpy parameter (Reference 11), and, in the case of the turhu-
lent heat transfer rates, modified by Walker's turbulent theory (Reference 12) which
satisfies both the momentum and energy integral equations,

0.£.0.5
o e m.“.,0-5<l':. [f: (2 -."::)] )
ho"hw Prz s RN Po Py
2
“Q
" g
o * %
ke Cr Pe’He VY
hR *hw y </‘ )0.5
L 2/3 2
Pr \U Pe'Betu v ds
0.5 0.5
hRL PRt [1 - (B ]he

E"r : o, (peue*)o.z (pe*)o.s (“e) 0.50 :e yo. 25
hRT- w P 2/3 ([ b, . “eo.zs y1.25 d;'

r
hR'r = p /3, +[1-(p )1/3] h
r [+] r e

The theoretical values of the coefficients C,, Cy, and Crp are 0,707, 0,354,
0.0296, respectively, or when modified to agree with Mark 2 and RMV flight test
data are 0, 778, 0,389, 0. 0326, respectively, (Reference 19),

On tho spherical portion of the nose for which body angle is greater than 300
{body angie is defined to be 9° at the stagnation point) laminar heat transfer rates
are calculated wi>’ Lee's bemispherical distribution (Reference 9),
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Earth's atmospheric properties are input in table form. Rankine-Hugoniot rela-
ticnb-are used for pressure rise across normal shock and stagnation pressure, Pres-
sure distribution can be calculated as modified Newtonian, modified Newtonian and
Prandil-Meyer expansion, or table input of coefficient of pressure ratios as a function
of body looation and freestream Mach number,

Shock shape can be calculated by the method of Reference 13, which is included
a8 & sub~-routine, o can be input as a function of body locations and Mach number,

Entropy gradient effects are taken into account through a balance of the mass in
the boundary layer with the mass forward of the shock and within a radius of R, of the
vehicle centerline, The equation

P, u R 2p°u°y(6-6*)

» e'g
defines the shook angle and entropy rise for the edge of the boundary layer streamline,

The equation for viscosity,

b = 24.9x10°0 7083

agrees colosely with Sutherland (Reference 14) and National Bureau of Standards (Ref-
erence 15) at temperatures greater than 1000°R,

YLocal velocity is calculated by
u, = ‘138-7 (t, -h)

Other local properties are evaluated by isentropic expansion to the local pressure
utilizing the Cornell property tables (Reference 16) in a sub-routine,

The full scale blunted Mark 2 ICBM heat sink vehicles (0 < M, < 12), and an RMV
boat sink vehicle (6 < M_ < 22), confirms the laminar and turbulent heating levels and
distribution techniques using the modified heating equations.
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APPENDIX B

REACTION KINETICS ABLATION PROGRAM (REKAP)

To desoribe the thermal behavior of a material in a re-entry environment, it is
anscesaary to solve the transient heat conduction equation for eash element of material
through the char (if a char exists), the reaction zone, and the virgin material contin-
uously and simultaneoualy throughout the re-entry heating period. In order to solve
these second-order dtiferential equations simultaneously, it is necessary to preecribe
several boundary conditions. These boundary coaditions are: (1) at the surface the
net heat transfer rate to a non~-permeable surface is reduced by both surface re-ra-
diation, and the massa transfer effect of the injection of the decomposition gases into
the boundary layer (blocking action), (2) at the backface of the virgin plastic or sup-
porting substructure the heat conducted out is zero,

S

NN o
e e e e oo 5

In general, the heat conducted into a material element is equal to the sum of the
hewt stored in the element, the heat absorbed in the decomposition of the masterial ele~
E ment, the heat absorbed by the decomposition gases passing through the material ele-
ment, and the heat absorbed by cracking or recombination of the decomposition gases.
The general heat conduction equation, valid in both the porous char and virgin mate-
rial 18 written in cartesian co-ordinates ae

x=BACKFACE

KT
;.‘ 2 3x = nC 3T +H P _ C +?.H_E. 3T 3p dx
1 ax P%pat "t at p, OT |3x at '
3 l
E x=X
iy .
o\ "
| @ , p pc\ ;1; . e’AEi/RT |

ot vi p / i :

v i=1

‘ At the material surface - boundary layer interface, boundary condition (1) is the
thermal energy balance written as:

gt = % * %6r ~ %R ~ 9Brock - WapoRizATION

5 where

% [}

f : = = (1 -

: 9, hot wall convective heat flux ( Ah) (hR hw)

\ f qRR = re-radiated heat flux =@ Fe FaTW4 |

fa | &

| i

¥ - . =pLi f

! ﬁv APORIZATION phase change energy associated with surface recession=pLsS ;
ﬁBLOCK = transpiration cooling due to injected gases




For laminar flow
— 1/3
My,
- BL -1/3
QBLOCK elc 'ﬁg / 69 pr @
For turbulent flow
C
"'00 88 -C-—m- ¢o
4 =q \l-e PEL
BLOCK (]
BACKFACE
h ~h
- 3p r w
% ot dx g

FRONTFACE °©

Surface recession can be calculated by seve:'al methods. The method chosen for

a particulsr material depends upon ground test correlations of the material mass loss
characteristics. Four such methods are:

Option 3: Surface recession is assumed to be a reaction-controlled
process that can best be described by an expression of the form sug-
gested by Munson and Spindler, Reference 17,

. B, -8,T
§= B.T 2 e 3w
1l w
Option 2:
5 i

pw (K], " Kz (hr - hw)) where Kl and Kz are constants,
Option K-M:

.8 = g hcb (hR - hw)c Ped where a,b,c, and d are constants

Option 6: Surface recession is asaumed to be occurring at a constant
melt or vapcrization temperature, At the surface, S is solved in the
equation

oT

Kix = % "R " 9ppock TP LA

86 thst Ty, does not exceed a specified melt or vaporization tempersture,
Where Ty, < the specified melt temperature, 8 = 0,
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At the backface of the virgin plastic or supporting substructure, the second bound-
ary tendition or the first equation is

(-
X/ SACKFACE

By solving the above equations simultaneously and continuously through the heating
period, the surface and subsurface temperatures and meaterial degradation time histories _
are obtained, The Reaction Kinetics Ablation Program (REKAP) is the mechanized nu-
merjcal solution to the above model, The validity of the above approach for the predic-
tion of the thermal response of a materful undergoing thermal degradation has been
proven by comparing calculated results with those obtained during ground and flight tests.
A more complete description of the REKAP program can be found in Reference 18,
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oll security classitication of the report. Indicste whether
“Restricted Data” ir included Marking is to be in accerd:
ance with sppropriste security regulations.

2. QROUP: Automatic downysading is specificd in DoD Di-
ractive $200. 10 and Fo ces Industrial Menual, Enter
the group number. Also, whe., spplicable, show that optional
mm: have bren used for Group 3 and Group 4 as author

3, REPORT TITLE: Enter the complete report title in all

capital fetters, Titles in all cases should be unciessified.

If & noaringlul title cannot be selected without classifice-

tion, shiozy title clacsification in all cepitals in parenthesin
immedistely following the titie.

4. DESCRIPTIVE NOTER If sppropriste, enter the type of
report, o.%, intorim, progress, summagy, annual, or final,
Glve the inclusive dates when s specific reporting period is
covered,

S, AUTHOR(SYX Enter the aame(s) of author(s) as shown on
or in the report. Knter last name, {ieat name, midé @ initisl
1€ ititery, show renk apd branch of service. The nime of
the principal «uthor i 22 absolute minimum requiren.snt.

6. REPORT DATEL: Xiier the deta of the repott as day,
menth, yase; or month, year. If moce then one date sppears
on the report, use date of pubiication,

7s. TOTAL WUMBER OF PAGES: The total page count
should follow normal paginstion procedures, L&, enter the
mumbar of pages comtaining information

7. NUMBER OF REFEIRENCES Enter the total number of
refeconces cited in the report.

8s. CONTRACT OR GKANT NUMSER: If appropriste, enter
the spplica™le number of ti'e contract or grant under which
the report v.as written,

86, e, & 8d. PROJECT NUML'EZR: Enter the app-opriste
military depmtment identificaticy, such as project sumber,
subproject number, systam :wabers, task number, ete.

9a. ORIGINATOR'S KEPORT NUMBER(3): Kater the offi-
cial report numbres by which the document will be identified
snd sontrolled by tha eriglasting activity, This numier must
be unique t this report,

9. OTHEX REPORT NUNMER(S): I/ he report has boon
assigned sy other repert aunders (eithor by the etiginater
or by the aponecr), alee enter 1'As sum'ser(s).

10, AVAILABILITY/LIMITATION NOTICRS Zater any lim-

itations en further dissemination of the revort, other than

imposed oy security; classification, using standard statements
such as!

(1)  *'Quelified r=questers mey obtsin copies of this
report from NDC. "'

(2) "Foreign snncuncement and dissemindtion of this
report by DDC is not suthoctzed.

(3) U, 8. Gevernment sgencies may obtain copies of
this repost directly from DDC. Other qualified DDC
users shal! request through

"
.

(4} “U. 3. nilitary sgenciss may obtain copies of thic
report directly from DDC. Other queli’lied users
shall request through

v
.

(5) *'All distr'vation ol this report is cestrolled Quel-
il.ed DDC Gzere shall recuest through

I the repost has beer furnished to the Office of Techaical
Rervices, Deprtinent of Commerce, for sale to the public, indi
cate this fact avd vnter the price, if known

1L SUPPLEMENTARY NOTES: Uee for additional explane-
tory noles.

12, SPONSOXIWG HILITARY ACTIVITY: Ente: the name of
the deparimental projcct office or leborstory sponsoring (pay-
ing for) the resesrch end devalopment. Include sddress.

13. ABSTRACT: Enter an sbatractgiving s brief and Sactual
surmsry of the documen: indicative of the report, even though
it may ulso appear elsewhese in the dody of the technical re-
port. If additions! sp is required, a i ion theet shall
be attached.

it is highly desirabie that the ebatract of classiiicd reports
he uacisssified. Each peragreph of the abatract shall end with
an indication of the military security classification of the in-
{ tion in ik ph d as (T$). (S). (C). ot (U)

There is no limitation on the length of the abstract. How-
ever, the suggested length is from 150 to 225 words.

14, KEY WORDS: Key words are technically meaningful terms
ot zhort phrascs thet characterize a report snd may be used as
index entries for cataloging the report. words must be

selected so that nc security Jlassification is required. Identi.

{lers, such as e/nipment model designation, trade name, military

project code narse, ?ommc focation, may be usidd as key
words bt will be followed 1y an indication of technical con-
tent. The assigament > links, r=les, and weights is optionsl.
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