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ABSTRACGT

Shielding a spacecraft from the severe thermal environment of an
atmospheric entry requires a sophisticated thermal protection system (TPS).
Thermal computer program models have been developed for two such TPS de-
signs proposed for the space shuttle orbiter. The multilayer systems, a
reusable surface insulation TPS and a re-radiative metallic skin TPS, have
been sized for a cross—section of trajectories in the entry corridor. This
analysis Indicates the relative influence of the entry parameters on the
weight of each TPS concept, The results are summarized graphically in
Figures 8 and 9, The trajectory variables considered were down-range,
cross—-range, orbit inclination, entry interface veloclty and flight path
angle, maximum heating rate level, angle of attack and ballistic coefficient,
Variations in cross—range and flight path angle over the ranges considered
had virtually no effect on the required entry TPS weight. The TPS weight
was significantly more sensitive to variations in angle of attack than

to dispersions in the other trajectory parameters considered in the study.
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ABSTRACT

Shielding a spacecraft from the severe thermal environment of an
atmospheric entry requires a sophisticated thermal protection system (TPS).
Thermal computer program models have been developed for two such TrS de-
signs proposed for the space shuttle orbiter. The multilayer systems, a
reusable surface insulation TPS and a re-radiative metallic skin TPS, have
been sized for a cross-section of trajectories in the entry corridor., This
analysis indicates the relative influence of the entry parameters on the
weight of each TPS concept. The results are summarized graphically in
Figures 8 and 9. The trajectory variables considered were down-range,
cross-range, orbit inclination, entry interface velocity and flight path
angle, maximum heating rate level, angle of attack and ballistic coefficient.
Variations in cross—range and flight path angle over the ranges considered
had virtually no effect on the required entry TPS weight. The TPS weight
was significantly more sensitive to variations in angle of attack than

to dispersions in the other trajectory parameters considered in the study.
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INTRODUCTION

The space shuttle orbiter will be designed for multiple reuse with a
minimum of refurbishment, This reuse requirement necessitates the design
of a thermal protection system (TPS) that can withstand the atmospheric
entry heating environment without degrading. Two multilayer TPS concepts
which meet this requirement are the reusable surface insulative (RSI)
system proposed by North American Rockwell (NR) and the metallic skin re-
radiative system developed by the McDonnell Douglas Astronautics Company
(MDAC). Because the weight of the TPS impacts the vehicle structural
payload capability, it is an important consideration in selecting the "PS

design and in choosing the entry corridor.

The purpose of this scudy is to size the two TPS concepts described
above for a cross-section of trajectories in the entry corridor and to
establish the sensitivity of the TPS weights to changes in the entry

trajectory parameters.

Several steps are necessary to determine the total weight of a TPS.
From simulated entry trajectorles spacecraft reference heating rates can
be calcﬁlated. Coupled with surface heating rate distributions, these
reference rates can be converted to local heating rates., Minimum TPS
insulation thicknesses required to maintain prescribed temperature limits
are then determined using a standard thermal analysis program. Local
and total TPS weights can be calculated directly from these data.
Figure 1 illustrates the steps taken in the analysis. The presentatiou
of total required TPS weights for a selection of entry trajectories will
show the relative effects of each entry parameter on the weight of the
TPS.
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HEATING RATES

The heating distribution along the spacecraft surface is a function
of the angle of attack (the angle between the path of flight and the hori-
zontal axis of the wvehicle), For nominal orbiter entries the guldance
maintains a constant angle of attack during the period of significant

heating. For this reason the heating factors used to convert the reference

heating rate to local rates are constant. To simplify the analysis, the
wetted surface of the orbiter fuselage has been divided into 12 panel
areas as illustrated in Figure 2. These panels which represent both sides
of the symmetrical vehicle, or twice the area shown, have been numbered
and are referred to as panels 1, 2, 3, etc, Average heating factors ce~
termined for each panel for the range of angles of attack weie presented
in Reference 1 and are given as Figures A-1 through A-3 in the Appendix.
Wing and stabilizer penel data are not glven because only fuselage TPS's

were considered in the present analyses,

Veloecity, altitude and angle of attack histories for 24 trajectories
within the entry corridor were supplied by NASA/MSC. A reference heating
rate, the stagnation heating on a one-foot radius sphere, has been calcu-
lated using the MSC Fl44 computer program (Reference 2). This program

employs Equation 1, the Detra, Kemp and Riddell stagnation heating ex-
pression from Reference 3,

3,1¢ - h
7600 (o) P e\ (e R ) o
4 ” \Po \Ye h. = Buggor o

During the subsonlc porticn of che £light, the vehicle is oriented such

that the flow over the fuselage is similar to flow over a flat plate. In
order to simulate the convection cooling during the subsonic flight,
Equation (2) which calculates cold wall flat plate turbulent heating

r~2/3 u

q = 0,0296 Re0'8 P "

(by - hy) (2)
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Figure 2, Fuselage Panels of Orbiter Vehicle (NR Drawing No. 999-61)
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was added to the F144 program. The wall enthalpy used in Equation (Z)
was selected for a temperature of 0°F and then corrected for the actual
wall temperature during the TPS response calculations. Figure 3 is a
typical plot of flat plate cooling versus the distance x from the leading

edge. In order to reduce the number of separate heating rate histories

to be computed, a constant value for x of 50 feet was used for all locations.

As seen in Figure 3, the flat plate cooling rate is relatively constant
for greater distances, and the 50-foot value is thermally conservative for
shorter distances. In retrospect the subsonic cooling proves to have little

effect on the peak temperatures experienced within the TPS,

A local pressure history was also calculated for each trajectory
using the Fl44 program, The pressures, estimated using the Newtonian
pressure coefficient, were used in determining pressure dependent material

properties,

6.0
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o

Heating Rate (Btu/ft2 sec)

0 50 100 150 200
Distance from Leading Edge (ft)

Figure 3., Flat Plate Heating Distribution, Typical Case
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TPS DESIGNS

The NR reusable surface insulative system (see Figure 4) is a multi-
layer system. The outer insulation layer, LI-1500, is a silica "erial
with a maximum reuse temperature of 2500°F, It is bonded to a ticanium
subpanel, which has a temperature limit of 600°F. Structural support
members extend from the titanium subpanel inward to the aluminum tank wall.
A soft insulator, TG-15000, is attached to the backface of the subpanel
and extends around the structural supports. These supports provide a
standoff region of several inches between the TG-15000 and the aluminum
tank wall, The structural integrity of the aluminum requires that the
temperature of the tank wall not exceed 300°F. A foam insulation lines
the ‘nterior surface of the cryogenic tank. Since the fuel tanks are
er . ally empty during entry, the foam backface is treated as an

adiabatic surface in the analysis,

LI-15C0

Titanium

600°F LiM1t —fpmmune P—
— - id L = 16-15000

s J » o 2 Foam

300° F Limit—ltgm., .mr——Aluminum
s _* - > ¢ }_.

Adiabatic Backwall

Figure 4. 1Insulative TPS Cross Section



Figure 5 is a cross-section or the MDAC proposed metallic re-radiative

TPS. The metallic shingle and the shingle substructure are offset frou the

tank walls by structural support members. In order to provide a thermally

efficient design, the shiugle and substructure are constructed of the metal

which is most effective for the entry eavironment experienced by a particu-

lar panel (Reference 4). The materials and the respective weights required

N XA N\ Jrretatiic shield

1800°F Limit ——f= - Dynaflex

- ) —— e ]
—

| — — ~—~ ———— |[|~Microquartz
PRI P
ey - T ———
h00°F Limit—1 —_— |4-Cold Foil
300°F Limit— —Aluminum
ey € 4 c )
< Jt ) ¢ < Foam

Adiabatic Backwall

Figure 5. Metallic TPS Cross—Section



for a given peak surface temperature are presented in Figure A-4. The
insulation is attached to the support members such that radiation gaps

are left between it and both the shingle structure and the aluminum tank
wall., The insulation consists of two layers, the exterior dynaflex and
the interior microquartz. Dynaflex is a soft insulation similar to TG-15000
with a maximum reuse temperature of 2800°F, Microquartz, however, has a
maximum reuse temperature of 1800°F and in this structure must be pro-
tected by the dynaflex in high heating regions. In order to reduce the
radiation heat transfer to the aluminum tank wall, the backface of the
microquartz is covered with a gold foil. The adhesive used to attach the
foil has a degradation temperature of 600°F. Again the aluminum tank wall
backed with foam insulation must be maintained below 300°F.

Because of manufacturing limitations minimum insulation thicknesses
of 0,25 inch will be used for cases requiring less material based on pre-
dicted thermal conditions.

THERMAL MODELS

The Systems Improved Numerical Differencing Analyzer (SINDA) program
(Reference 5) was used to calculate temperatures within the TPS's. This
program requires an input of the node model, material properties and tra-
jectory data. The @PTIMZ subroutine (Reference 6) of SINDA, which was
developed specifically for sizing multi’ayer TPS's for prescribed indepth
temperature limits, was utilized to determine the required insulation
thicknesses., Since an averaged heating rate facter was assigned to each
fuselage panel, a one-dimensional thermal model was used. Because the
high conductivity (metal) components in the TPS are relatively thin and
because the actual aero heating variation across a given panel is small
in general, the use of an average heating factor and a one-dimensional

analysis was considered acceptable.

The node model used for the surface insulative system is illustrated
in Figure 6. Because of the high conductance of the titanium facesheet

and of the aluminum t 2k wall, temperature gradients through both are



neglected. The thermal capacitances, however, are considered. The LI-1500
is sized to maintain the titanium facesheet below 600°F, and the thickness
of the TG~-15000 must be sufficient to limit the tank wall to 300°F, The
interdependence of these insulatlon layers requires the iterative analysis
performed by the @¢PTIMZ subroutine. When low heating rates produce surface
temperatures less than 600°F, the LI-1500 layer is omitted,

Figure 7 is a schematic of the metallic TPS node model. As in the
gurface insulative model the thermal capacitances but not the conductances
of the two metallic layers are used. As stated in the TPS descriptiom,
the dynaflex insulation is only needed to maintain the microquartz below
1800°F. The microquartz is sized to maintain its backface temperature
below 600°F, the limit for the adhesive which supports the gold foil.

In all but the highest heat load cases 1f the foil does not reach 600°F,
its low emissivity, 0.08, keeps the tank wall from exceeding 300°F. De-
pending on the heat load, the microquartz must be sized to meet either
the 600°F backface temperature limit or the 300°F tank wall limit. For
the lower heating rate cases for which the dynaflex is omitted, @PPTIMZ

can size the microquartz for one limit with no iteration.

MATERTAL PROPERTIES

The thermal properties, conductivity and specific heat of the TPS
materials are functions of temperature, and due to porosity, the insulator
properties are also pressure dependent., Table A-1l lists all materlal

properties uged in this study,.

ENTRY TRAJECTORIES

The orbiter guidance flies a two phase entry. A constant f£light level,
or reference heating rate, and angle of attack are maintained for the f£irst
phase and a constant g-load is held in the second phase. A reference heat-
ing rate of 80 Btu/ft2~sec and a g-load of 1.5 are the two modes for the
nominal trajectory. The 24 trajectories listed in Table 1 were provided
by NASA (Reference 7) for the corridor analysis. Trajectory 1 is the

nominal entry and represents the nominal value of each parameter, The
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variation of elght entry parameters (range, cross-range, inclination,
entry interface velocity and flight path angle, ballistlic coefficlent,
angle of attack and fiight level) has been included in this study, In
order to ascertain the influence of each parameter, each trajectory has
nominal values for all but one parameter., Varilation of only one parameter
at a time was obtained by bank angle modulation; however, in some cases it
was necessary to adjust an additional parameter to obtain the desired off-
nominal value, Variation in q, was required to achieve the changes in
range and angle of attack, and flight path angle was varied in the velocity
distribution and in one flight level dispersion. Trajectory 24 was the
only off-nominal g-load, 2.5 g.

The reference heating rate histories of the trajectorles are plotted
in Figures A-5 through A-12, TFor comparison the historles are grouped by
parameter variation and the nominal heating rate, trajectory 1, is pre-

sented on each figure,

TPS SIZING

To develop curves of insulation unit weight versus heating factor,
sizing runs were made for each trajectory for three to six heating factors
depending on the devliation of the trajectory from the nominal trajectory.
At this stage two parameters, cross—range and flight path angle, will be
eliminated becaugse the effects of these parameters on the TPS weights
are negligible. The results of the sizing runs for trajectories 4, 53, 6,
14, 15, 16 and 17 are tabulated in Table 2 along with selected cases of
the nominal trajectory. The data indicates effects or insulation wedght
of less than one percent even at the maximum deviation of each parameter
from the nominal; thereforé, thase seven trajectories will no longer be
considered in this study. |
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Flgures A-13 and A-l4 present the unit weight versus heating factor
curves developed for each of the 17 remailning trajectories for both heat
shields. An examination of the panel heating factors reveals that panel 1
is the only location where the surface temperature exceeds 1800°F; there-
fore, the dynaflex layer of the metallic TPS can be omitted for the other
panels., For this reason Figure A-14, the unit weight curves for the
metallic TPS, is not extended to include the panel 1 heating factor, and
the insulation unit welghts are the microquartz unit welghts., The puanel 1
requlred insulation weights calculated by SINDA for the metallic TPS are
presented only In the tables,

From the curves of Figures A~l, A-2 and A-3 the panel heating factors
were obtained for each of the four angles of attack. For the a = 30°
trajectories, the local Eactors and the corresponding insulation unit
weights obtained from Figure A-3 are tabulated in Table A-2 for the
insulative TPS. Multiplying these unit weights by the respective panel
areas, produces the total insulation weilghts presented in Table A-3 for
the individual panels and for the entire fuselage TPS, These same steps
are used in Table A-4 to yield the total required weights for trajectories
19, 20 and 21, the angle of attack variation,

Employing the same method to calculate the metallic TPS insulation
weights, Tables A-5 and A-6 list the unit and total weights for the tra-
jectories with o = 30°, and Table A~7 contains the data for trajectories
19, 20 and 21. The metallic TPS, however, requires additional steps to
determine the total TPS weight. The metal shingles which form the outer
skin must be designed for the maximum surface temperature of each panel.
The maximum panel surface temperatures were estimated as the re-radiation
equilibrium temperature based on the gy of each trajectory. Using

Equation 4, the estimated maximum surface temperatures in Table A-8

1/4

Fq
T = ( m> - 460 : : (4
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have been calculated, The respective unit weights are obtained
from Figure A-4 and multiplied by the panel area to produce the total
welghts of Table A-9.

TOTAL TPS WEIGHTS

Certain fixed weights including coatings, metallic structure and insu-
lation packaging must be included in the TPS weight totals. These weights
are 1.95 1b/ft2 for the insulative system and 0.84 1b/ft? for the metallic
system, or 23556 1b and 10147 1b respectively for a TPS surface area of
12080 ft2, These fixed weights include the following components:

Insulative System

Titanium subpanel and supports 1,10 1lb/ft2

Surface coating «35
Adheslve bond .30
Insulation packaging .20

1.95 1b/ft2

Metallic System

Support struts .26 1b/£t2
Drag links and £1illings .18
Insulation retention .10
Ingulation packaging .30

.84 1b/ft2

The tabulations of the TPS total weights for each trajectory are given
in Table 3. These final totals show the surface insulative system to be
40 to 80% heavier than the metallic system, a condition which should prove
a major factor in the TPS design decision. By plotting the total weight
versus the individual parameter dispersions (see Figures 8 and 9), the
sensitivity of the TPS weight to each parameter variation is shown. (The
reader should be cautioned that these curves do not necessarily provide
correct total weights for intermediate parameter values as the TPS panels
do not react uniformly to trajectory changes.) These curves are presented-

on identical total weilght scales so that the relative importance of each

-may be judged.
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The variations in angle of attack cause the most significant weight
changes for both TPS concepts., The effect of heating rate on the metallic
TPS is easily seen by comparing the qp curves of Figures 7 and 8. The
surface temperature criteria in the selection of the metallic shingle out-
weighs the effect of total heat load on the insulation since the metallic
weight increases significantly with increasing qm. All the other parameters

show only moderate influences on the weights,

Table 3. Total TPS Weights

o - === 1
Insulative TPS Metallic TPS

Insulation| Total* |[Insulation| Shingle | Total**
Irajectory Weight Weight Weight Weight | Weight
Number (ib) (1b) (1b) (1b) (1b)
1 14866 38422 4901 10161 25209
2 15738 39294 4709 9600 24456
3 14535 38091 4808 10275 25230

7 14464 38020 4775 10161 25083 i
B 16120 39676 5145 10161 25453
9 13736 37292 4544 10161 24852
10 14451 38007 4742 10161 25050
11 15667 39223 5061 10161 25369
12 16379 39935 ! 5220 10161 25528
17 13161 36717 4354 10161 24662
18 16797 40353 5424 10161 25732
19 26165 49721 6877 10156 27180
20 10615 34171 3876 10043 24066
21 8288 31844 2994 9172 22313
22 15969 39525 4864 9600 24611
23 14313 37869 4746 10344 25237
24 11960 35516 4902 11248 26297

* Includes fixed weight of .95 lb/ft2 or 23556 1b
**Includes fixed weight of 0.84 1b/ft2 or 10147 1b

Notes: 1. 1Insulation weight of the Insulative TPS include both the
LI-1500 external and the TG-15000 internal insulation materials.
2. Insulation weights of the metallic TPS are for the internal
microquartz insulation (plus dynaflex for Panel 1).
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. LI-1500
Density:

Specific Heat:

Table A-1

Material Thermophysical Pronerties

15 ib/ft

3

¢ (Btu/lb-"F)

T(°F) 0 80 260 440 620 800 980 [1340 |1700 |2060 [2430
| € 0.072]0.151]0.198(0.234]0.263/0.280]0.787/0.294/0.306]0.316/0.320
Conductivity: k (Btu/ft-sec®F)
k x 10%
(o ) ~LLatm) .000132 | 0.00132 | 0.0132 | 0.132 1.0
0 0.0393 0.0440 0.0648 0.0741 0.0810
300 0.0486 0.0532 0.0717 0.0787 0.085.,
700 0.0625 0.0671 0.0810 0.1088 0.1203
1400 0.1041 0.1088 0.1388 0.2083 0.2314
2000 0.1550 0.1597 0.2360 0.3239 0.3610
2500 0.2129 0.2175 0.3124 0.4350 0.4836
. TITANIUM ALLOY (TI-CAL-4V)
Density: 276.45 1b/ft3
Specific Heat: ¢ (Btu/1b-°F)
T(°F) 0 400 600 800 1200
c 0.13 0.14 O:19% 0.16 0.18
Conductivity: k (Btu/ft-sec®F)
T(°F) 0 100 1200
k 0.0011 0.0012 0.0031
. TG-15000 3
Density: 3 1b/te
Specific Heat: c¢ (Btu/l1b-°F)
T(°F) 100 300 2000
c 0.220 | 0.235 0.235
Conductivity: k(Btu/ft-sec-°F)
o k x 104
rep—2etm) [ 1x107 | 2x105 | 9x104 0.011 1.0
0 0.00083 0.00111 0.0111 0.0344 0.0389
80 0.00694 0.00806 0.0178 0.0402 0.0508
300 0.0117 v.M42 0.0347 0.0667 0.0778
500 0.0278 0.0306 0.0519 0.0986 0.110
700 0.0611 0.0778 0.150 0.169 0.402

2]



Table A-1 (continued)

DYNAFLEX 3
Density: 6.0 1b/ft
Specific Heat: ¢ (Btu/lb-"F)
") 0 400 800 1200 1600 2000 2400
c 0.216 0.216 0.244 0.262]10.270]10.276 | 0.278 |
Conductivity: k (Btu/ft-sec-"F)
_ k x 104
TR~ | 6 o0 0.01 0.1 1.0
0 0.0083 0.0125( 0.0250 0.0250
600 0.0667 0.0903| 0.1167 0.1167
1200 0.158 0.214 0.251 0.253
1800 J.328 0.392 0.438 0.450
2200 0.472 0.550 0.617 0.625
MICROQUARTZ
Density: 3.5 1b/ft3
Specific Heat: ¢ (Btu/1b-°F)
T(°F) 0 200 500 1000 1500 2000
c 0.20 | 0.20 0.24 0.27 0.29 0.30
Conductivity: k (Btu/ft-sec-°"7
k x 10‘
TPt | 4 00013 | 0.001 | 0.01 0.1 1.0
0 0.0083 0.0236 | 0.0486 | 0.0583 | 0.0625
400 0.027¢ 0.0417 | 0.0750 0.0972 0.1000
800 0.072¢ 0.0819 | 0.117 0.156 0.160
1200 0.135 0.144 0.175% 0.226 0.232
1400 0.172 0.182 0.211 0.267 0.276
1600 0.211 0.219 0.250 0.313 0.333
1800 0.253 0.261 0.292 0.368 0.400
CRYOGENIC FOAM
Density: 6.696 1b/ft3

Specific Heat:

Conductivity:

.23 Btu/1b-°F
.00019 Btu/ft-sec-°F
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