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28 Nov. 1961 ' Report No. ERR-AN-100

FOREWORD

The purpose of ‘this memorandum is to present a preliminary
heat shield and weight analysis for the six-man Multi-Mission
Utility Glider under study by General Dyna-iel/htrc;nautiéa.
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SUMMARY

‘Heating analyses indicated an ablative type heat shield
was né;eslury for the stagnation regions of the Utility Glider,
i.e. the nose cap, leading edges and bottom lurfaée; vhile the
cooler upper surface was adequately protectéd by a radiative
type heat shield.

Four configurations of the Multi-Mission Re-entry Vehicle
(or Utility Glider) vere analyzed for total heat shield weight.
Whereas all four‘configurationo are delta wing glide vehicles,
three are very similar in shape while the fourth has a much
flater upper surface and a radically curved bottom surface.
Primary difference in the firast three configurations is the
seating arrangement of the occupants. The total heat shield
weight for the first tﬂree configurations varied from 3616 to
3712 pounds while the fourth configurations heat shield weight
was found to be 3179 pounds.
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INTRODUCTION

The re-entry heating studies were based on three tra-
Jectories, a lifting undershoot, a drag overshoot and a coast
trajectory. Total vehiclo heat -higld weight was based on the
summation of the weight of the varying types and thicknesses
of the heat shields at six vehicle locations: (1) Nose Cap,

(2) Swept wing leading .déll, (3) Tail fins, (4) Bottom Surface,
(8) Upper Surface, and (6) Viewing port. 1In all locations the
drag overshoot frajeetory produced the greatest total heat in-
put and consequently the most severe heating on the heat shield
materials; therefore, all heat shield designs at the above six

locations were based on the drag overshoot trajectory.

it ity //)
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DISCUSSION AND RESULTS

A. Aerodynamic Heating

Since the vehicles of interest in our discussion re-enter
at satellite and escape velocity, they are exposed to very high
temperature air, the properties of which deviate from an ideal
gas. At velocities of about 3000 fps, the vibrational modes are
excited; then dis;ociation starts for oxygen at about 7000 fps
and for nitrogen at about 15,000 fps. The reference enthalpy
method has been successful in predicting the heating for satellite
re-entry where these chemical reactions are of major importauce
(Reference 1). At escape velocity the important reaction is the
ibnization of the oxygen and nitrogen atoms. Alfhough there is
little aerodynamic hecating data at these conditions, it is
believed that the reference enthalpy method will be useful in
predicting the aerodynamic héating from an engineering standpoint.
The convective heating used through this analysis was based on
continuum flow. The overall effect of convective heating in the
free-molecular and slip-flow regimes is in general of little
concérn for ICBM and ballistic type re-entry vehicles., However,
it is possible that for high lift, long glide time vehicles or
satellites the difference between vehicle heating calculated
from the slip-flow and cont inuum regimes may become significant,

and will be considered in more detail in the continuing study.

Additional heat input to the vehicle is experiencec by
radiation from the glowing hot gas cap created by the nose cone
and shock wave. The radiation from the gas capﬂuurrounding the
nose of a blunt vehicle re-entering at escape velocity may be-
come a siguificant portion of the total heat input. The method
used to compute the radiative heat flux to the stagnation zones

from the gas cap is from Kivel (Reference 2) and assumes a

/B mn// /|
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equilibrium hot gas. When non-equilibrium conditiona occur,
however, the resulting radiation will generally be higher than
equilibrium radiation. It has been shown (Reference 3) that
non-equilibrium radiation can be as much as an order of magnitude
higher than equilibrium conditions. Fortunately, non-equlibrium
conditions exist generally at high altitudes where the magnitude
of the radiation is itself low. For this analysis the assumption
of equilibrium conditions does not contribute any significant

error to the calculations.

B. BEntry Corridor

Three trajectory conditions describe the entry limitations
for the Multi-Mission Re-entry Vehicle. First is the drag over-
shoot boundary for which the velocity remains above circular
velocity during the initial penetration but is reduced sufficiently
to allow entry after a skip-out coast phase. This boundary is
shown in Pigure 1. The second is the lifting undershcot which
allows a steeper entry and is shown in Figure 2, Figure 3
shows the third boundary condition, the coast phase from circuls;“
velocity. In these analyses, the addition of one of the first
two boundary trajectories to the coast phase constitutes a .
compleie re-entry flight trajectory. It might be noted that the
altitude and velocity of Figures 1 and 2 do not precisely match
those of Figure 3. In the analyses the curves were combined by
a step chahgc t§ represent a continuous flight, The small
discontinuity produced in the altitude and velocity at this
point in the trajectory did not cause a large discontinuity in

the temperature history curves.

C. Configurations

Heating and weight analyses were performed on four con-
figurations of the Multi-Mission Re-entry Vehicle. The four
were configurations 2A, 1B, 2B and 3B. Configuration 2A, shown

7 w77
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in Figure 4, is representative of configurations 2B and 3B except
for the seating arrangement of the six passengers of the vehicle.
Configuration 2A has two men in front side by side and four men
side by side in the rear portion of the cabin: volume. . Con-
figuration 2B has three-three arrangement while configuration 3B
has a two-two-two seating arrangement. Configuration 1B, shown
in Figure 5, is somewhat different from the other configurations
in that it has a flat upper surface and a highly curved lower
surface. The seating arrangement for configuration 1B is similar

to 2A, i.e. a two-four arrangement,

D. Heat Shield Design

The following portions will break cdown the heat ashield design
into three sections: 1. Stagnation regi {which inecludes ncae
cap, leading edges and tail fins), 2. Low irfac and

3. Upper surfaces.

b |

From a review of the Apollo study which inve large
number of thermal protection systems, it was decided that fo:
fabrication simplicity, reliability and overall weight con-
siderations, an ablation type heat shield design offers the best
practical solution to the heating problem for the Multi-Mission
Re-entry Vehicle in areas of high heating. An ablation design
was utilized on the nose cap, lecading edges, bottom surfaces and
fins, while a radiation type heat ghield wus used on the cooler

top surface.

Although the Multi-Mission lle-entry Vehicle is a wanned space-
cfuft, the analysis in this report did not strive to limit the
inside temperatures to living condition (i.e. approxi sately 70°F),
Instead, the boundary for heating was the allowable ‘2mperatures
of the materials used in the heat shield design. It is presently
planned to insulate the cabin separately with a low nsity, high
performance insulation material, the selection to be iade in a

continuing study.

Tl
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1.0 Stagnation Regions

1.1 Nose Cap
The heat input to the nose cap is composed of

two parts, the convective heat input and the squilibrium

gas cap radiation input.

‘ The convective heating rate at the spherical
stagnation point was calculated by use of an existing
IBM 7090 digital computer program (Reference 4) con-
taining analysis equations from Goldstein (Reference 5)
and utilizing the reference enthalpy method of Eckert
(Reference 6). The convective heating stagration heat
flux on the 20-inch diameter nose cap of the Multi-
Mission Vehicle is shown in Figuze 6. The heat input
by hot gas cap radiation is shown in Figure 7. A
comparison of the two indicates that the radiation
heat flux to the nose cap is a small poirtion of the
total input, amounting to approximately 4% of tne total
heat input at the time of peak convective heating. The
method used to compute the gas cap radiation was that
of Kivel (Reference 2) and appears to give smaller
values than the radiation fluxes calculated by Li-Geiger
(Reference 7) methods.

Prom previous experiencé it was decided that
for a low weight, high performance heat shield the con-
atruction would consiat of sandwich layera of ablator,
insulation and hot atructure. Since the insulation and
structure allowable temperatures would dictate the wall
thickness and consequently the weight, high temperature

l{iin-K 2000 and stainleas steel honeycomb were selected.

77 il
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The allowable temperatures of Min-K 2000 and stainless
steel honeycomb are 2460°R and 1460°R respectively.

For the ablation type shield it can be seen
that the ablation temperature and total heat input are
directly related. For a heat flux greater than
10,000 Btu/ft2 the use of a low ablation temperature
material such as Avcoat 19 is not desirable; therefore,
for a large heat input of over 20,000 Btu/ft2 such as
received at the stagnation regious from the lifting
undershoot and drag overshoot trajectories for the
Multi-Mission Vehicle, a high ablation temperature
material such as Avcoat X-5026 or Avcoat X-5035 is
desired. Whereca: coat X-5035 has a lower heat of

ablation than Avcoat X-50286, it is approxinately half

as dense and analyais re inite weight
saving was provide th tior this material.,
Th beat
of ablation of Avcoat X-5035 used in all the analyaes
was 5460°R and 8900 Btu/lb. rcapectively. Due t
lack of information of the cff kat chan tween
the stagnation aund 11 ent ; L ffa
heat of ablation, the Avcoatr X-5035 wa ummed to have
a constant 8900 Btu/lb. heat ablation thioughout
flight. Because Avc X-503 ay high ablation
temperature the eif f enthalpy changes is not as
significant as wit ow tion temperature material;

4

however, the interior skin eratures predicted may

be lower than calculated when the effective heat of

ablation is used as a variab!e with enthalpy.

.
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Figure 8 shows the temperature-time histories
for various locations in the wall for the initial portion
only of the drag overshoot trajectory. It can be seen
from Figure 8 that the allowable temperatures of
Min-K 2000 and stainless steel honeycomb have already
been approached or reached, yet at this time of flight
(352 seconds out of 4000 seconds) approximately 20% of
the total integrated heat input has been applied to the
wall. It therefore can be concluded that the heat
shield wall in FPigure 8 must be increased in thickness,
and from a knowledge of the heat fluxes, configurations
and heat shield materials a conservative design was
selected for this preliminary study and is shown in
Table 1.

1.1 Wing Leading Edge

The analytical technique used for the leading
edge heating was the same as for the nose cap (Section
D, 1.1) except to account for the leading edge yav-angle
to the airstream. This relationship was taken from
Reference 8, based on experimental data showing the
influence of yaw on average heat transfer rates to
cylinders in high Mach number flow.

The~Multi7Mission Re-entry Vehicle fljieas at
a 60 degree angle of attack, the yaw relationship is
not simply based on the geometric aweep angle (Figure 4,
§), but a combination of this angle with the angle of
attack. This included angle was found to be approx-
imately 60 degrees using both vector analyses and
descriptive geometry. The yaw-angle therefore was 30

degrecs and when used with Reference § results in heat

S ——
// bbb il /]|
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rates which are 80 percent of the unyawed heating rstoi.

The heat input to the 12.5-inch diameter wing
leading edge was again composed of two parts, the con-
vective heat input and the equilibrium gas cap radiationm
input. The equilibrium gas cap radiation input was
assumed to be the same as that for the nose cap and is
shown in Figure 7. The temperature-time histories of
various locations in a preliminary heat shield design
fer the heat limiting drag overshoot trajectory are

'-ho'n.in Figure 9. While Pigure 9 represents only
approximately 20% of the total integration heat flux

to the wall, it can be seen that the Min-K and stainless
steel alloweble temperaturea have already been reached.
Consequently. based cn a knowledge of the heating rate,
heat shield materiale and configuration, a conservative

design was selected and is shown in Table 1.
1.3 Tail Finw_f-;f_‘il.ltfi}:}i:i:_

Although the vail fins would normally be ex-
posed to high heat fluxes during flight at lew angle of
attack, the Multi-Mission Re-entry Vehicle initially
re-enters at a 60-degree angle of attack; and hence,
when the angle of attack and tail fin aweep angles are

combined it is expccied that the heating on the fins will

be considerably below that of stugnation heating. Fer

this preliminary design an analysis waus not performed
on the tail fins and therefore, the optimum skin thick-
ness is not known. However, a conservative design

identical to the leading edge heat shield and bottom
surface walls, szhown in Table 1, was sclected and

used in the weight analysis.

/B MVZ[
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2.0 Lower Surface

Bottom surface flow patterns for flat delta
wings having a 70 degree sweep, a blunted nose and blunted
leading edges were obtained from NASA data (Reference 9)
and are shown in Figure 10 for a 60 degree angle of
attack. Although the lower surface of the Multi-Mission
Vehicle is not perfectly flat (Figures 4 and 5), it has
the same sweep angle and will fly at 60 degrees angle
of attack during the initial re-entry phase, therefore,
the flow pattern on its lower surface will be very
similar to that shown and should not alter centerline
heating appreciably. An explanation of the flow pattern
shown in Figure 10 is that at high angles of attack,
the pressure distribution from the centerline outward
to the leading edge exhibits a falling press: hich

causea the boundary layer to diverge.

Aerodynamiec heating calculations on the luver
surface centerline were performed as indicated in
Reference 9. A point on the center at a diatance of
3 nose diameters from the stagnation point was selceoted
as representative. Data obtained from Reference 9 were
extrapolated for a delta wing at 60° angl. of attack
and the heating, which is thought to be slightly con-
servative, was determined at the location noted earlier.
The severity of the entry heat flux (Figure 11) posed
the problem of adequate protection of the basic vehicle
structure, Two alternatives to the design were con-
sidered, use of existing ablation materials having a
relatively high ablation temperature (and low density)

and materials having a low ablation tempe: :ture

et i
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(and high density). It was found that the thicknese eof
low ablation temperature, high density material required
would result in a groitor initial weight tham the high
ablation temperature materiale becauvse of the need feor
the ablayor to provide the necessary temperature drep

~ te the Aveoat ablator - Min-K interface. Radiatiena
systems are in general restricted to flight regimes
having low rates of aerodymamic heating, due te serviee
temperature limits on the skin and insulater, hence, ne
attempt was nado to study refractory metal systems of
this type.

After selecting a low density, low conductivity
ablator for the vehicle cuter surface, it renniied to
parrow the sclection of the trajectory. The design of
the heat protection system would utilize _he trajectory
yielding the greatest total heat load in order to pre-
vent structural temperatures from exceeding maximum
allowables. The drag overshoot trajectory whiwn im
Pigure 1 was used as the reference. PFigure 12 gives
-gome isochronal temperature gradients through. Aveoat
8035 ablator and an insulator designated as Min-K 2000.
Although the Min-K 2000 is not truly a high strength
iasulator, it may be sufficiently strong for lifting
‘re-entry vehicles design. Min-K 2000 is one of the
first materials developed from comnsideration of the
fundamental principles of heat transfer in fibrous in-

sulators, and there fore is very efficient.

"he heat flux history shown in Figure 11 and
the resulting temperatures in Figure 12 geem to indicate
an adequate design, in fact, a margin of overdesiga
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appears to exist when the temperature history is plotted
for the Avcoat 5035 Min-K 2000 interface (Figure 13). .
Bowever, the drag overshoot trajectory may be expected
to have flight times of durations lasting to 4000 seconds,
at about a 17° angle of attack. In this case, the
average heat input to the surface may npproxiugte 20%

of the peak rate shown in Figure 11 and the heat input
must be accounted for. Experience has shown that isochronal
peaks such as those in Figure 12 will thft to distances
forther removed from the outer surface so that the max-
imum allowable temperature of 2460°R for the Min-K 2000
would be exceeded beyond 350 seconds of flight. Since
no heat flux data were obtained for the entry portion of
flight other than a 60° angle of attack (first 350
seconds), estimates e made of the thickness of
materials required for extended flight times when the
entry maneuvers wou)d change. Overall thicknesses are
given in Table 1 showing a econservative design of 0.76"
Avcoat 5035, 1.0" Min-K 2000, and 0.50" stainlesz asteel
honeycomb with 0.01” atainlesa steel facings. The loecel
weight of this composite is 5.0 1bs/ft2. _

3.0 Upper Surface

Because the Multi-Mission Vehicle flies at a large
angle of attack to maintain lift during re-entry, the air-
flow over the upper surface remains separated. Aerodynamio
heating of these surfaces was assumed to be .7 of attached
turbulent flow based upon correlations preasented in
Reference 10.. The convective heat flux calculated at 1 foot
and 10 feet positions on the upper surface are shown in

Figure 14. For these calculations the initial phase of the

= ——
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drag evershoot trajectory and the coast phase of the tra-
Jectery were faired together at a velecity of 84.400.‘ This
results im a total trajectory time of 3200 seconds, apprex-
imately 800 seconds shorter tham the total time used for the
stagmatien region and lower surface calculatiens.

3.1 Skin Ares

The temperatures eof the upper surface wall
were calculated for three positions, 1 foot, 8§ feet
and 10 feet aft of the stagnmation lime. A wall con-
figuration employing radiation heat shield design
principale was chosen for analysis since temperatures
in the order of 2000°R to 2500°R are typical of sep-
ltnt?d flow heating duriag re-entry. The partieului
design studied has ADL-17 powder encapsulated in Inconel
X to insulate the underlying vehicle structure (Ref-
erence 11). The outer surface 6! the Inconel X container
acts as the radiating heat shield and will operate
satisfactorily at temperatures up to 2460°R (Reference 12).

Figuere 15 shows the temperatures calculated
for both the cuter and inner surfaces. Because thé
underlying stainleszs steel structure is temperature
limited at 1460°R;, it is apparent that the thickness
of the ADL-17 power may be reduced. This couid result
in a weight saving of approximately .2 to 3 pounds per
square foot. A half-sectiom, plan view of the re-entry
vehicle is also shown with fsotherms at the three
distances studied weasured :ft from the leading edge
in the direction of the vehicle axis. However, high
angles of attack may cause .he flov te be more normal
to the leading edge. '

O e
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3.2 ViewingﬁPort

Vycor glass was studied for the pilot viewing
port located near the center of the vehicle. This typo'
of glass has good thermal conductivity thereby min-
imizing temperature induced strains. Temperatures
calculated for a .75 inck thick viewing port are shown
in Figure 15. Since these temperatures are higher than
those suitable for cabin inner wall temperaturo;‘nn
inner layer of heat resisting glass should be provided
preferably with an air gap between it and the Vycor.

E. Weight Analysis

The total vehicle heat shield weight was based on the sum-
mation of the weight of the heat shield at six vehicle'locntion-:
il) nose cap, (2) wing leading edges, (3) Tail tins, (4) bottom
surface, (5) Upper surface, and (6) viewing port. The total
vehicle heat shield weight was calculated by multiplying the
weight per unit area of a particular heat shield design times
th; total area of that location. The local and total weight

breakdown is shown in Table 2.

[/ / mwnwnﬁv{m
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CONCLUSIONS

Due @i the preliminary nmature of this study seme assumptions
were necefiliry for the completion ef the heat shield and weight

analysie.''%e briefly summarize the assumptions: (1) Considered all
cenvectivl Meating as centinuum flow (2) Considered the effective
heat of ablation of the Aveoat X-5035 -aiorisl as constant throughout
flight, t!ﬂ Considered the combization ef the initial and coast tra-
jectoriea ad & step-function, (4) assumed coast phase was apprex-
imately 80ff of integrated heat flux, (5) assumed aerodynamic heat-
ing on top surface to be 0.7 of attached turbuleni flow, (6) nssumed
radiation ﬁentin; from gas cap as equilibrinm heating throughout
flight, agh finally (7) the bottom surface was treatel as a flat
surface rd:ﬁor than curved. It might be stated that the degrea te
which each assumption effects the total heating is rot accurately
predietable; however, it is felt that none of the assunptions
singularly produce any ianrge errors in the anaiysia and furthermore
somevhat offset each cther. To support this latter statement it
may be noted bj study that the first four assumptions appear to have
the effect of increasing the heat input while the last two assumptions
appear to lower the heat input to the vehicle. Neverthelesza, it ias
felt that the included vehicle heat shield deasign is conservative.
altheugh preliminary.

/vt /|
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