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ABSTRACT

Analytical techniques are presented that permit the calculation of
heat-transfer rates with various thermal-protection systems for liquid-
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SUMMARY

Analytical techniques are presented that permit the calculation of
heat-transfer rates with various thermal-protection systems for liquid-
cryogenic-propellant tanks subjected to on-board, solar, and planetary
heat fluxes. The thermal-protection systems considered include using
closely spaced reflective surfaces (foils) and widely spaced reflective
surfaces (shadow shields), insulation, arrangement of vehicle components,
orientation with respect to radiant heating sources, and coatings for
the control of solar absorptivity. The effectiveness of these thermal-
protection systems in reducing propellant heating is shown both for ideal
heat-transfer models and for a simplified hydrogen-oxygen terminal stage
on a Mars mission.

The proper orientation of a space-vehicle cryogenic tank with re-
spect to the Sun is one of the more beneficial methods of reducing the
heating effect of solar flux.

Shadow shields can be extremely effective in reducing the propellant
heating due to both solar and on-board fluxes. However, low-altitude
planet orbits can result in high propellant heating rates due to plan-
etary radiation reflected from the shields. For low-altitude orbits of
more than a few days, foils appear to be desirable for all cryogenic-
tank surfaces. Foils are also effective in reducing the on-board heating.
A choice of shadow shields or foils cannot be made until a particular
vehicle and a particular mission are chosen.

The thermal conductivity of insulation materials would have to be
lower by about two orders of magnitude with no increase in density be-
fore insulation could compete with reflective surfaces for use in long-
duration thermal protection of cryogenic tanks in space.

To demonstrate the application of the methods devised, thermal-
protection systems are developed for a hydrogen-oxygen terminal stage
for typical Mars missions.




INTRODUCTION

Cryogenic (low—temperature) ligquids are among the best propellants
currently available for both chemical- and nuclear-rocket stages. Pres-
ently, the highest specific impulses for chemical rockets are obtained
by using hydrogen and oxygen or hydrogen and fluorine as propellants.
Many proposed nuclear-rocket propulsion systems utilize hydrogen as the
working fluid.

During the course of an interplanetary space mission, heat transfer
to these cryogenic liquids from the Sun, planets, planet atmospheres,
and from other components of the rocket vehicle is inevitable. This
heating causes propellant vaporization and consequent loss by venting.
Unless these losses are small, the potential advantage of using cryogenic
propellants would be negated. Thus, thermal protection of the cryogenic

liguid from the adverse heating environment is required.

The objectives of this report are to examine the problem of heat
absorption by cryogenic propellants due to the thermal-radiation environ-
ment of space and to compare the effectiveness of various thermal-
protection devices for specific applications. Aerodynamic heating of
propellants during boost has already been discussed in references 1 and
2. The storage of propellants in circular satellite orbits has been
treated in references 3 and 4. References 5 and 6 have examined the
problem of propellant storage in the space environment away from planets.
An analysis of hydrogen storage problems for a nuclear-rocket mission to
Mars or Venus was made in reference 7. The thermal-protection systems
considered were reflective shields, attitude controly refrigeration, and
freezing. The problem of cryogenic-propellant boiloff for hypothetical
Mars and Venus trips using hydrogen and oxygen propellants has been
analyzed in reference 8. The methods of reference 8 were used in ref-
erence 9 to account for the thermal-protection systems required on
manned nuclear-rocket missions to Mars.

This report provides the basic methods of analysis required to pre-
dict the heat-transfer rates through various thermal-protection devices,
thus facilitating the choice of a thermal-protection system for a partic-
ular application. The results presented in reference 8 were based on the
analytical techniques presented herein. Where feasible, comparisons of
the results of the present work with the results of other investigators
have been included. Several methods of reducing propellant heating are
analyzed in this report, including spacing between components of the
vehicle, thermal-radiation shielding, orientation of the vehicle with
respect to the Sun, and coatings. The effectiveness of these thermal-
protection methods is compared for reducing both on-board and external

heating from the Sun and planets. To clarify the procedure for choosing
a particular thermal-protection system, the design of such systems for
a hypothetical hydrogen-oxygen chemical-rocket terminal stage for Mars
missions is included.




ANATYSTS

The sources of propellant heating may be either internal or exter-
nal with respect to the rocket vehicle. Several methods of protection
against these heat fluxes will be discussed.

Heat Sources

On-board sources. - The on-board sources of heat flux are the adja-
cent componets of the vehicle (i.e., any part of the vehicle to which the
propellant will be exposed), and nuclear radiation (assuming a reactor
is on board for either propulsion or auxiliary power). Heating caused
by the gamma rays and neutron flux of a reactor has been investigated in
reference 10. Therefore, no further treatment of nuclear-heating effects
will be made herein.

Heating of cryogenic propellants due to adjacent components is
caused by thermal radiation and by conduction through propellant lines
and structural members. The rate of heating by radiation is approxi-
mately proportional to the difference between the fourth powers of the
absolute temperatures of the adjacent component and the propellant. This
can become relatively large if a low-temperature cryogenic is near a
high-temperature (about room temperature or warmer) component. The rate
of heat transfer per unit area by conduction is directly proportional to
the product of temperature difference between adjacent components and
thermal conductivity of the conductor, and inversely proportional to the
length of the heat path. Heat transferred by conduction is therefore a
function of the design features and detailed structural configuration of
each specific vehicle and is not amenable to generalized treatment. For
this reason, only heat transferred among components by radiation is con-
sidered in this report. The structural members that separate and support
propellant tanks must be designed so as to ensure low rates of heat con-
duction. This may be done by using low-conductivity laminated stainless-
steel supports.

External sources. - The external sources of heat are the Sun and
the planets. Heat is transferred between these sources and the cryogenic
storage system by thermal radiation. The largest external heat flux en-
countered by a vehicle within our solar system is that which originates
from the Sun. Because the planets are great distances from the Sun, it
can be assumed that the solar flux at the planets is essentially parallel
waves of electromagnetic radiation. Thus, for a unit area that is per-
pendicular to a radius vector from the Sun, this flux (outside of planet
atmospheres) is inversely proportional to the square of the distance
from the Sun and is given by

g g Ts 4
2 = 9egfg plg = oes<; Tq (1)




(See appendix A for the definition of all symbols.) For this report it

was assumed that at Earth e€g = 1.0, rq = 2.2836X10° feet (O.6960><lO9 m),
rg,p = 4.90x101L feet (1.49%x1011 m), and Por = 10, 366° R (5755° K). This
resulted in a flux of 428 Btu per hour per square foot, which agrees with

the value in reference 11. Numerous other estimates of this flux have
been published. These estimates range from about 420 to 440 Btu/(hr)

(sq £t).

The heat flux that a vehicle receives from a planet results partly
from planetary radiation and partly from reflected solar radiation. This
planetary heat flux is given by

2
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where a 1is the albedo of the planet, and f is the angle factor be-
tween the planet and the body of interest (angle factors for a hori-
zontal and vertical surface above a planet are given in appendix B). The
coefficient 2z accounts for the relative position of the body with re-
spect to the planet (z is 1 at "noon" and O at "midnight"). Planetary
constants are tabulated in table I. The planetary heat flux increases

as the distance from a planet decreases and can be of the same order of
magnitude as the solar flux. For example, a horizontal surface 100
statute miles above the sunlit Earth at noon would receive a planetary
heat flux of approximately 234 Btu/(hr)(sq ft) (using the values for ap

and TP shown in table I). Although this planetary flux becomes rela-
tively large, 1t never exeeeds the solar filux.

Assumptions

As a simplification, it was assumed in many examples herein that a
typical space vehicle is composed of components (payload, fuel, and per-
haps an oxidant) having equal circular cross-sectional areas and arranged
on a common axis.

It was also assumed that the vehicle components are at a constant
temperature and that steady-state conditions prevail.

The effective temperature of space has been assumed equal to 0° R
except where noted. Converting the estimate of galactic heat flux in
reference 12 to temperature yields an effective space temperature of
about 20° R (11° K). The storage of liquid hydrogen in any reasonable
tank for space applications involves heat leaks of such magnitudes that
the heating due to galactic flux becomes insignificant.



Absorptivities and emissivities were assumed to be total hemispher-
ical values. Although references 13 and 14 indicate that, for engineer-
ing purposes, emissivity and absorptivity can be assumed to be equal,
this assumption is generally valid only when the radiating surfaces are
at the same temperature. The spectral absorptivity of a surface can vary
greatly with the wavelength of the incident radiation. Solar radiation
(both direct and reflected) is concentrated predominantly in a region of
short wavelength compared with radiation from bodies at low temperature
(relative to the temperature of the Sun).

Methods of Reducing Propellant Heat Absorption

Due to On-Board Sources

Spacing of components. - The net rate of heat absorption for a sur-
face y exposed to direct and reflected thermal radiation from an adja-
cent surface x (in a vacuum environment) is given by

B Oexfx: ya'yTJ% Oeyfx YfYJ (1 - GX)Q'YT
T 1- fx)yfy)x(l.-ax)(l-a§7' 1-fy yEy, x(1-0ox)(1-ay)

>0

- oeyTy  (3)

where fy y and fy o are the angle factors (fx,y' is the fraction of

the total radiation that leaves the first surface x and arrives at the
second surface y) between the two adjacent components, and Ie end Ty

are the absolute temperatures of the components. This equation allows
for an infinite number of diffuse reflections between components. The
general method of treating these reflections is given in appendix C.

The heat absorbed by component y can be reduced by changing the
emissivity and/or the absorptivity of surfaces x and y. The heat-

transfer rate through surface y (for large values of fx,y and fy,x)

can be decreased by reducing both e and e€x. This effect will be
demonstrated in the RESULTS AND DISCUSSION. Also, the net heat-absorption

rate can be reduced by reducing the angle factors fx v and fij. By
2

assuming that absorptivity and emissivity are equal and constant and
noting that fx v and fy'x are equal for parallel equal-diameter cir-

cular disks (arranged on a common axis), equation (3) becomes

" 4 2 4
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The angle factor f between the parallel ends of the components is a
function of the distance between components and their diameters. For a
constant diameter, the angle factor between adjacent components will
approach zero as the distance between components increases and will ap-
proach 1 as the distance decreases. When the components are separated

by a large enough distance so that the angle factor is essentially zero,
equation (4) becomes

(93}
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Here thg body concerned loses heat to space, which has been assumed to
be at O~ R.

When the components are close enough together that the angle factor
is essentially equal to 1, equation (4) becomes
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This is the maximum rate of heat transfer between the two components.
Here it is apparent that the heat-absorption rate can be reduced by re-
ducing either or both €y and €y. For this case the net rate of heat
absorption by surface y is the same as the net rate of heat emission
by surface x, because the angle factor equals 1 (i.e., no heat loss at
the edges).

Thus, it appears that the heat flux from on-board sources can be
decreased by increasing the distance between components. However, when
propellants are subjected to radiation from external sources as well as
on-board heat flux, increasing the distance between components may not
be desirable. This will be discussed later.

Reflective shields. - The heat transfer between adjacent components
can be greatly reduced by inserting parallel, thermally isolated, re-
flective shields between components as shown in sketch (a). The relation

Heat source —— < Cryogenic tank
/ \\
. £
Koo _
N

Reflective shields

(a)



for the net rate of heat absorption by surface y with one reflective
shield placed directly between the components is given by appendix D as

2 2,24 24
] 0<éxayf TX + myaxeyexf Ty)
e cRa | e a)] [ey (1 + cxt? - £8) + (1 + ayf? - £2}]
oey{1 + ayf? - £2)13

b [1 - 2201 - 0 )1 - aX)] (7)

=

It is assumed that the reflective shield is thin enough so that no tem-
perature gradient exists across the shield. Here the angle factor f

is common throughout because the shield has the same cross-sectional area
as the components and is equally spaced between them. The net rate of
heat absorption by surface y can be decreased by decreasing Uy and

€x and by decreasing the angle factor f. The angle factor can be de-

creased by increasing the distance between the components and the shield.
Again, when the spacing is such that f dis essentially zero, equation
(5) results. When the reflective shields between the components are so
closely spaced that the angle factor is essentially equal to 1, the net
rate of heat absorption by surface y is given by equation (DS) or

+1
a € 4 4
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The equations for the net rate of heat absorption by surface ¥y
with 2, 3, . . ., N shields between components are given in appendix D.
In general, the heat-absorption rates can be decreased by increasing the
number of shields. Hereinafter, the widely spaced shields will be re-
ferred to as shadow shields, and the closely spaced shields (f = 1) will
be referred to as foils.

When (a/e)y(e/a)x = 1, in equation (8), the term

{l & [Ka/e)y(e/a)X]N+l}/q? - (a/e)y(e/a)x] should be replaced by (N + 1).

Then, if a = e, and a, = €, equation (8) becomes

J i
- 4 =
g 5 U(TX - Ty)
A
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Gy €X

(9)




From this equation it is apparent that the heat-transfer rate can
be reduced by increasing the number of foils or decreasing the emissivity
of the components. Thus, the heat-absorption rate of a surface y can
be reduced considerably by placing shadow shields or foils between it
and the adjacent component.

Insulation. - Another means of reducing the heat transfer between
components is to use insulation in this area. The best available purely
insulative materials have such a high thermal conductivity that they are
unattractive on a weight basis compared with multiple reflective surface
materials for the protection of cryogenic propellant tanks in the en-
vironment of space. It was shown in reference 8 that the thermal con-
ductivity of insulation materials would have to be lower by about two
orders of magnitude (from a current low value of about 0.001 (Btu)(in.)/
(hr)(sq ft)(°F)) with no increase in density before insulations could
compete with reflective surfaces for use in long-duration thermal pro-
tection of cryogenic tanks in space. It is recognized, however, that
insulation may be used extensively both for protection against aero-
dynamic heating and for protection of noncryogenic-propellant tanks in
space.

Methods of Reducing Propellant Heat Absorption Due to
External Heat Sources

The techniques of reducing propellant heat absorption due to in-
ternal heat sources were restricted to those encountered in normal ground
installations. When the propellant tank is assumed to be in space, the
external radiation environment and concomitant methods of reducing pro-
pellant heat absorption differ in some respects from those previously
discussed. The methods that will be discussed are (l) using coatings
having a low absorptivity for the incident radiation, (2) using reflec-
tive surfaces, and (3) varying the orientation of the propellant tank
with respect to the incident radiation.

Coatings. - If it is assumed, as shown in sketch (b), that flux Y
is incident upon an element of surface area A having an absorptivity
a, a solar absorptivity ag, an emissivity e, and a temperature T, then

the net rate of heat transfer through the surface is, in general,

(%)n = oY - oeT* (10)




(o)

For the special case where Y is direct solar flux or planetary flux
(due to albedo and planet temperature), equation (10) becomes

(%) = ag¥ - oeT* (11)
n

In general, if Y is from a body at a temperature less than the melting
point of common metals, then @ = €. If Y is from the Sun, Qg # €,

and as/e may be less than or greater than unity depending on the com-
position of surface A. For problems involving storage of propellants
near the Barth, Y., is about 428 Btu/(hr)(sq ft). In order to minimize
(Q/A)n, a material or coating having low ag and high e should be
used. For silica oxide on magnesium, reference 15 gives Qg = 0.21 and

€ = 0.83. Therefore, in order for the T% term to be significant (say
1 percent as large as the Y term), T must be greater than about 160° R
(89° K). Thus, coatings for bare cryogenic tanks should have mainly low
values of ag, but coatings for higher-temperature surfaces (e.g., the
outermost surface of insulations) should have not only a low value of

ag but also a high value of ..
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It has been shown previously that the rate of heat absorption by a
surface in space subjected to solar flux is strongly dependent upon the
values of solar absorptivity and emissivity peculiar to the surface.

Some control of these properties is possible through the use of coatings
(paints, oxides, metals, etc.). However, as shown in reference 16, the
solar absorptivity and emissivity may change significantly after exposure
to ascent heating, Van Allen radiation, sputtering, meteoroid erosion,
the ultraviolet component of solar radiation, and prelaunch oxidation
and corrosion.

Emissivity values may range from 0.02 to about 0.9, and solar ab-
sorptivity to emissivity ratios may range from about 0.2 to 21 (refs. 115
to 17). For most space missions there would undoubtedly be an optimum
coating or material to use for each particular surface of a vehicle. To
indicate such optimums is beyond the scope of this report. The analyt-
ical relations included in this report have in most cases included solar
absorptivity as a parameter.

In view of the fact that long-duration exposure of surfaces to the
space environment may alter surface solar absorptivity and emissivity
(ref. 16), conservative assumptions for surface properties have been as-
sumed herein. To suggest at this time using extremely low values for
ag or € for long space missions would involve considerable risk of

change in these surface properties during the mission.

Reflective shields. - One method of reducing the heat transfer into
an exposed cryogenic-tank surface is to place shadow shields between the
cryogenic surface and the external heat source as shown in sketch (c).

e
-
e - 4
g
N s
Shadow
shields

(c)

When the incoming waves of electromagnetic radiation are incident only
on the outer surface of the outermost shield, the expression for the
net rate of heat absorption by surface y with one shadow shield
placed between it and the external flux Y 1is given by




i)
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where agY 1s the fraction of incident solar and/or planetary radiation
absorbed by the surface exposed to flux Y, €, 1s the emissivity (ab-

sorptivity) of all other shield surfaces, and ay and €y are the ab-

sorptivity and emissivity, respectively, of the tank surface y. The
angle factor f 1is common throughout because the cross-sectional areas
of the cryogenic-tank surface and the shadow shield were assumed to be
equal. (The equation for unequal cross-sectional areas can be developed
with the techniques presented in appendixes C and D.) Again, when the
angle factor approaches zero, equation (5) results. It is also apparent
from equation (12) that the net heat-absorption rate of surface y can
be reduced by decreasing ag and/or increasing e€,. The equations for
2, 3, . . ., N shadow shields are presented in appendix D. In general,
the heat-absorption rate can be decreased by increasing the number of
shadow shields. If it had been assumed that the shadow shields had a
finite thermal conductivity laterally, a temperature gradient would have
existed in the lateral direction. It is conceivable that this tempera-
ture gradient could be important if a more exact calculation of shield
temperature is required. Analytical techniques for determining this
temperature gradient are shown in reference 18.

The heat-absorption rate of a cryogenic-tank surface exposed to an
external flux can also be reduced by applying foils as shown in sketch
(d). This case is the same as the shadow-shield case represented by

Cryogenic tanky
/ -~ Foils > i

! /

(a)



1z

equation (12), except that, with foils, the angle factor between adjacent
surfaces has a value of 1.

The relation for the net heat-absorption rate of surface y with
N foils protecting it can be derived from equation (12) and is given

by equation (D8) or
N
Q,
S\ (£ % 4
€6 [(e)y(OL)X] €ZYY GeYT;V

=0 .

When (oo/e)y(e/oc)x = 1, the term {l - [(a/e)y(e/a)X]N}/[:l - (cc/e)y(e/oc)X]

should be replaced by N. Then, by assuming that Uy = €y and ay = €y,
equation (13) becomes

. 4
Qe agY - GeoTy (14)
A oge, oot s
e+ =—-1)m+12
Gy GX

which is identical to a relation presented (but not derived) in refer-
ence 5. Thus, the net rate of heat absorption of incident radiation Y
by a cryogenic-tank surface y can be reduced by increasing the number
of foils, decreasing the emissivities of the inner foils (ey, ex), de-

creasing the solar absorptivity of the exposed outer surface (as), and/or

increasing the emissivity of the outer surface (eo).

Appendix D gives equations that predict the rate of heat transfer
when combinations of the preceding shielding devices are utilized.

Orientation. - For any body in space, the amount of heat absorbed
from solar flux or planetary flux depends on the area exposed to these
radiant heat sources. The amount of solar heat absorbed can be mini-
mized by minimizing the projected area exposed to the Sun. Thus, for
the vehicles shown in figure 1, the incident solar flux will be minimized
by alining the longitudinal axis of the stage with the position vector
of the stage relative to the Sun. At the extremely great distances from
the Sun of concern here, the solar flux is nearly parallel. Thus, the
sides of the vehicle essentially will not "see" the Sun. For space-
vehicle operation in the vicinity of either the Sun or a planet, the
apparent flux is not parallel. Therefore, while vehicle orientation can
minimize the projected area, it cannot completely eliminate the heating
effect of this flux.
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RESULTS AND DISCUSSION

Two space vehicles of current interest that use cryogenic propel-
lants are (1) the high-specific-impulse chemical rocket (with liquid
hydrogen as the fuel and liquid oxygen or liquid fluorine as an oxidizer),
and (2) the nuclear rocket (with liquid hydrogen as the fuel). Schematic
diagrams of these vehicles are shown in figure 1. Each vehicle has a
payload, a propellant (or propellants), and an engine. Tt was assumed
that the cross-sectional areas of the components were circular and that
the propellant tanks were cylindrical. It was also assumed that the pay-
load temperature was 520° R (290° K) and that the propellants, hydrogen
and oxygen, for example, were slightly subcooled, having constant tem-
peratures of 30° and 140° R (17° and 78° K), respectively. Liquid oxygen
was selected as the chemical-rocket oxidant merely for purposes of dis-
cussion. ZFluorine could also have been used, as its storage temperature
and vaporization characteristics are similar to those of oxygen. With
the basic components of these two vehicles defined, it is now possible
to examine the various thermal-protection techniques suggested in the
ANALYSIS. These thermal-protection techniques are not limited to the
vehicles chosen, but are applicable for any space storage system.

Thermal Protection Against On-Board Heating

Arrangement and spacing of vehicle components. - The basic arrange-
ment and spacing of the various components of any vehicle utilizing
cryogenic propellants can have profound effects upon the thermal-
protection problem. In figure 2, the propellant heating rate is plotted
against the spacing ratio between various components for a constant value
of absorptivity and emissivity (o = € = 0.1). For this figure it was
assumed that there was heat transfer only between components (i.e., there
was no heat transfer through the sides of the cryogenic containers). The
effectiveness of spacing in reducing heat transfer between components
includes the external effect that the tank ends are allowed to radiate
to space. Negative heat-absorption rates indicated here and on other
figures in this report signify a net loss from a particular surface. It
is evident that the heating rates vary widely, depending on the temper-
ature of the adjacent component. For example, the heat-absorption rate
of hydrogen when placed next to a 520° R payload is 160 Btu/(day)(sq ft),
and when placed next to an oxygen tank is 0.83 Btu/(day)(sq ft)

(assuming Z/d = 0.0001). Assuming Z/d = 0.0001 between all components
and that the components are arranged in descending order of temperature
(top sketch on fig. 2), the net hydrogen heat-absorption rate is

0.83 Btu/(day)(sq ft) (radiation from hydrogen to space is negligible

lAbsorptivities and emissivities on the order of 0.1 are typical
of oxidized aluminum, polished stainless steel, and smooth unpolished
Monel (refs. 14 and 19).
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compared to 0.83 Btu/(day)(sq ft) from oxygen). The net oxygen heat-
absorption rate for this configuration (160 Btu/(day)(sq ft)) is a
result of heating on the payload end (160 Btu/(day)(sq ft)) and cooling
on the hydrogen end (0.83 Btu/(day)(sq ft)). By interchanging the pro-
pellant tanks (lower sketch on fig. 2), the hydrogen heat-absorption
rate is 160 Btu/(day)(sq ft), and the oxygen cooling rate is 0.83
Btu/(day)(sq ft). The optimum arrangement of components depends not
only on the magnitude of these rates but also on the absolute size and
shape of the propellant tanks, the fluid configuration within the tanks,
and the effectiveness of other protection devices in reducing on-board
flux. Another point that should be emphasized here is that the optimum
arrangement of components will also depend upon the mission profile
(i.e., the external heat sources and their temporal variation will have
some bearing on the arrangement of components).

It is also apparent from figure 2 that the heat-absorption rates
can be decreased considerably by increasing the spacing ratio. For
example, the heat-absorption rate of hydrogen due to heat transfer from
the payload can be reduced from 160 to 0.1 Btu/(day)(sq t) merely by
increasing Z/d from 0.0001 to 8.6. Increased spacing ratios have the
adverse effect of increasing the structural weight.

Shadow shielding. - Figure 3 demonstrates how shadow shields may
be used to reduce on-board heat flux. In figure 3(a) the heat-absorption
rate of hydrogen when placed adjacent to a 520° R source of heat is
plotted against the number of shadow shields between the tanks. Several
values of spacing ratio between adjacent surfaces are shown. Emissivity
and absorptivity are assumed equal to O.l. For this figure and for
several others throughout this report, curves are shown even though data
are valid only for integer values of reflective surfaces. From the fig-
ure it is apparent that shadow shields are capable of reducing the heat
transfer between tanks considerably. For any given number of shadow
shields, the heat-absorption rate decreases with increasing spacing
ratio Z/d. With extremely small Z/d, the angle factor between adjacent
shields approaches 1. Thus, the shadow shield and foil equations should
be expected to yield nearly the same value. Figure S(a) shows this ef-
fect for small numbers of shields. For all values of 1/d, if a large
enough number of shadow shields is used, the hydrogen heat-absorption
rate eventually becomes negative because of radiation to space from the
shield and tank surfaces. For example, if the Z/d between adjacent
surfaces is 0.01, the hydrogen heat-absorption rate is negative for 14
or more shadow shields spaced between the 520° R heat source and the
30° R hydrogen. Also, if the Z/d is 1, the heat-absorption rate is
negative even for two shields between the components.

In figure S(b), the propellant heat-absorption rate is plotted
against the number of shadow shields for a range of emissivities using
a constant value of spacing ratio Z/d of 0.1. Decreased heat-absorption
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rates are obtained by decreasing the emissivity or increasing the number
of shadow shields, or both.

Figure 3(c) is included to show the effect of both the number of
shadow shields and the variation of shield emissivities from front to
back surfaces on the hydrogen heat-absorption rate. In each case, the
spacing ratio between reflective surfaces was assumed to be 0.1l. Emis-
sivity and absorptivity on a particular surface were assumed to be equal
(see ANALYSIS). The figure indicates that decreases in emissivity on
any surface will result in lower heat-absorption rates. The lowest ab-
sorption rates are obtained by using the lowest value of absorptivity
and emissivity on all surfaces. For figure 3(c) it appears that de-
creasing the value of ep 1is more effective in reducing the hydrogen

heat-absorption rate than decreasing the value of €q- Data from refer-

ences 14 and 19 indicate that the emissivity of aluminum can conserva-
tively be taken as 0.1l. Optimistically, emissivity values of as low as
0.01 may be found for certain silver or aluminum surfaces.

Foils. - By laminating alternate layers of aluminum foil and glass-
fiber paper (as described in ref. 20), heat-transfer characteristics are
attainable that approximate those of foils. Iaminated assemblies of
this type weigh only about 0.0l pound per square foot per foil and con-
tain about 50 foils per inch of thickness. Figure 4 shows the effect of
the number of foils on the hydrogen heat-absorption rate due to heat
transfer between hydrogen, oxygen, and a payload. Emissivity levels of
1.0, 0.1, and 0.01 are shown (the 0.1 value yielding heat-absorption
rates conservatively approximating commercial foils, refs. 20 to 22).

It was assumed that emissivity and absorptivity are equal. Increasing
the number of foils and decreasing the foil emissivity both decrease the
rate of heat absorption. It is apparent from the figure that the heat-
absorption rate due to placing hydrogen adjacent to a 520° R heat source
is much larger than the hydrogen heat-absorption rate due to hydrogen
and oxygen tanks being adjacent. For example, if o = ¢ = 0.1, and if
100 foils are used for protection, the hydrogen heat-absorption rate

due to a 520° R payload is about 1.6 Btu/(day)(sq ft), while the hydrogen
heat-absorption rate due to a 140° R oxygen tank is only about 0.0082
Btu/(day) (sq ft).

Comparison of methods. - The choice of a particular method of
achieving acceptable boiloff losses due to on-board heat flux between
components is usually made on the basis of weight. Several elements of
this weight problem are the weight of the protection device, the struc-
tural weight penalty necessary to employ the protection device, and the
integrated weight of the propellant boiloff for the complete mission.
The weight of individual shadow shields should be roughly the same as
the weight of individual foils; however, additional structural-support
weight will be required to span the gap between shadow shields. Struc-
tural weights for these applications are greatly dependent on both the




16

absolute weight of the structure and the acceleration loads to which the
structure will be subjected. The weight of these structures can vary
from light inflatable structures to the heavy structures found between
lower stages of multistage vehicles. Thus, the structural weight problem
must also be defined for each particular application before a final
optimization of the thermal-protection system can be made.

The hydrogen heat-absorption rate is plotted against the spacing
ratio between hydrogen and an adjacent 520° R component in figure 5.
For spacing ratios greater than about 0.1, the heat-absorption rate de-
creases rapidly with increasing Z/d. Horizontal dashed lines are in-
cluded on the figure to facilitate a comparison between gaps and foils
for this intercomponent protection. If it is assumed that foil densities
of 40 per inch are available, then 100 foils would occupy only about
2.5 inches of thickness. This number of foils would supply the same
protection as components with no foils but separated by a gap of about
2.3 diameters. With intercomponent structural weights rather sub-
stantial compared with foil weights of 7 pounds per cubic foot, the use
of foils would thus provide a lightweight, compact protection scheme
for a heat-gbsorption rate of about 1.6 Btu/(day)(sq ft).

Thermal Protection Against Solar Heating

With fixed values of solar absorptivity and emissivity of surfaces
exposed to solar flux, there remain several methods for reducing the
heating effect of solar flux. These include using shadow shields, foils,
and vehicle orientation with respect to the solar flux.

Shadow shields. - The effect of the number and spacing of shadow
shields on the heat-absorption rate of hydrogen due to solar flux at
the Earth's distance from the Sun is shown in figure 6. Emissivity and
absorptivity were assumed equal to O0.l1l. It was also assumed that the
shadow shields were alined normal to the solar radiation. The figure
shows that the heat-absorption rates can be decreased by increasing the
number of shadow shields or by increasing the spacing ratio between
shields.? TFor an extremely small spacing ratio between shields (£ 0.0001),
the shadow-shield and foil theories predict about the same absorption
rate as for X 10 foils. This figure also shows that, for a given spacing
ratio between shields, there is a number of shields beyond which the
negative heat-absorption rate is essentially constant. Hydrogen heat-
absorption rates with emissivities and absorptivities from 0.0l to 1
are plotted in figure 7 against the number of shadow shields for a fixed

2The similarity between figs. 3(a) (shadow shields between com-
ponents) and 6 (shadow shields facing Sun) is due to the similarity of
the heat-transfer models. Fig. 3(a) would result for a system of shadow
shields facing the Sun if the temperature of the Sun shield were 520° R.
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spacing ratio between shields. Either decreasing the shadow-shield
emissivity or increasing the number of shadow shields decreases the
heat-absorption rate. It is interesting to note that the absorption
rates for a particular Z/d can be decreased by one to three orders of
magnitude by decreasing the emissivity one order of magnitude. For
example, the absorption rate using four shields with o =€ =1 1is
approximately 540 Btu/(day)(sq ft), but the absorption rate for four
shields with a = € = 0.1 is only about 0.1 Btu/(day)(sq ft).

A possible shadow-shield structure would consist of rings supporting
the edges of each shadow shield. ILongitudinal members between components
would support these rings and act as load-carrying members.

Foils. - The effectiveness of using foils for protection against
solar heating is shown in figure 8. The heat-absorption rate for a
hydrogen-tank end surface exposed to solar radiation at the Earth's
distance from the Sun is shown against the number of foils for constant
values of emissivity. Emissivity and absorptivity were assumed to be
equal. The absorption rate can be decreased by either decreasing the
foil emissivity or increasing the number of foils.

Vehicle orientation. - One of the most obvious methods of protecting
a cryogenic-tank surface from heating by solar radiation is to orient
the stage so that one portion of the stage is used to cast a shadow on
the cryogenic-tank surfaces. An attitude control system would be re-
quired to provide for proper orientation of the vehicle throughout the
mission. However, an orientation system would probably be required
anyway for such functions as attitude control of the vehicle prior to
making propulsive maneuvers.

Comparison of methods. - Figure 9 compares shadow shields and foils
for protecting a hydrogen tank from direct solar radiation at the Earth's
distance from the Sun assuming o = € = 0.1l. Hydrogen heat-absorption
rate is plotted against the thickness occupied by the protection device.
A specific tank diameter has been chosen for the shadow-shield data, be-
cause the vaporization rate is dependent upon the angle factor between
adjacent shields, which is a function of both the spacing between shields
and the shield diameter. For a given thickness, ten shadow shields pro-
vide much lower absorption rates than one shadow shield. For thicknesses
between 0.005 and 0.9 foot, the foils provide even lower absorption rates
than the ten shadow shields. A weight comparison between the foils and
shadow shields would again be difficult, because the weight optimization
would involve the thermal-protection system, the structural-weight penalty
of this system, and the propellant boiloff.
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Thermal Protection Against Planetary Heating

Shadow shields. - Figure 10 shows a cylindrical cryogenic tank at
low altitude above a planet surface, with the longitudinal axis of the
tank alined along the Sun-planet line. Radiation from the planet re-
ceived by the tank end and side surfaces occupies a large solid angle.
That is, the angle factors for planetary radiation are large at low al-
titudes. To intercept even the planetary radiation reaching the tank
end with a single shadow shield or several shadow shields would require
prohibitively large shields, as shown in the figure, unless the shields
are placed very close to the end of the tank. In order to shadow a
locally horizontal tank surface completely from planetary radiation, the
shadow shields must occupy the same solid angle as the planet. The solid
angle occupied by a planet increases as the distance from the planet de-
creases and approaches 2n steradians at the planet surface. Thus, the
size of the shadow shield would become prohibitive at low altitudes.
Small-diameter shadow shields would provide essentially no protection
for the sides of the cryogenic tank. The Sun side of large-diameter
planetary shadow shields would be a good reflector of solar radiation.
In fact, the effect of reflected solar flux incident on the tank end and
side surfaces might even be larger than direct planetary flux on these
tank surfaces.

The effectiveness of a simple system of double shadow shields (with
diam. equal to the propellant-tank diam.) in reducing the hydrogen heat~-
absorption rate of the tank end due to planetary radiation is shown in
figure 11. Again, the stage is assumed to be oriented with its longi-
tudinal axis alined along the Sun-Earth line. In this position solar
flux is not directly incident upon either the tank sides or the tank end
facing the planet. However, solar flux is reflected from the planet sur-
face onto both the tank end and tank sides. For figure 11 the emissivity
and absorptivity are assumed equal to 0.1l. Figure 11(a) shows the
shadow-shield spacing ratio that minimizes the hydrogen heat-absorption
rate plotted against the ratio of altitude above Earth's surface to
Earth's radius. These spacing ratios decrease rapidly for decreasing
abscissa values of less than 1. At a value of (Altitude/Planet radius)
of 0.1, the heat-absorption rate is minimized with the small spacing
ratio of about 0.00001 (which corresponds to a spacing between 10-ft-diam.
shields of 0.0012 in.). The heat-absorption rates that correspond to
these spacing ratios are shown in figure 11(b). For reference, the upper
curve shows the absorption rate for two closely spaced foils. As might
be expected from the theory, the shadow-shield and foil curves approach
each other when the optimum spacing between shadow shields is extremely
small (at low altitudes).

In order to compare the magnitude of the heat-absorption problem
in the vicinity of planets other than Earth, figure 12 is included. For
this figure it was arbitrarily assumed that the spacing ratio Z/d
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between adjacent shadow shields was 0.1 and that emissivity and absorp-
tivity were also equal to O.1. Heat transfer only on the end of the
tank facing the planet was assumed. The hydrogen heat-absorption rate
is shown against the ratio of altitude above the planet surface to
planet radius for Venus, Earth, and Mars. Venus, Earth, and Mars rank
highest to lowest in that order, comparing the heat-absorption rates at
a constant value of the ratio of altitude to planet radius. For low
altitude ratios, the absorption rates are on the order of 700 to 140
Btu/(day)(sq ft end area), which are prohibitively high for most
applications.

Foils. - The effectiveness of foil materials in reducing the hydro-
gen heat-absorption rate due to planetary heating can be substantial, as
shown in figure 13. It was assumed for this figure that the absorption
rates are due only to the heat transfer through the surface specified
and that the stage is alined on the Sun-Earth axis as in the sketch.
Foils are assumed to cover completely the tank sides and tank end facing
the Earth. Hydrogen heat-absorption rate is shown against the number of
foils for .emissivity = absorptivity = 1, 0.1, and 0.01. Also shown for
reference are absorption rates with no foils on the tank. Either in-
creasing the number of foils or decreasing the foil emissivity decreases
the hydrogen heat-absorption rate. Absorption rates on the tank sides
are less than those on the tank end, because the vertical angle factor
is less than the horizontal angle factor for a particular altitude.
However, foils would still be required on the tank sides to achieve low
absorption rates.

Combinations of shadow shields and foils. - Figure 14 shows the
hydrogen heat-absorption rate against the number of foils (foils im-
mediately adjacent to the tank end) behind a system of two shadow shields
for a tank end facing the Earth and located on the Sun-Farth axis at an
altitude above the Earth's surface of 0.1 Earth radius. A shadow-shield
spacing ratio of 0.1 was used. Emissivity and absorptivity were assumed
equal to 1, 0.1, and 0.0l. Decreasing emissivity and increasing the
number of foils both decreased the heat-absorption rate. For reference,
a curve of absorption rate for a configuration with foils but no shadow
shields and with absorptivity = emissivity = 0.1 is included. Because
the altitude is relatively low and the view factor for the planet is
relatively high, this configuration (with no shadow shields) provides
heat-absorption rates that are almost as low as the comparable con-
figuration with shadow shields. Also included for reference are hori-
zontal dashed lines for configurations with no foils (i.e., two shadow
shields only). From the figure it appears that the benefits derived
from widely spaced planetary shadow shields for protection of tank sur-
faces for low-altitude planet approaches are generally small. By
augmenting the shadow shields with foils, lower heat-absorption rates
are possible; however, foils alone give practically the same heat-
absorption rates.
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Trajectory variables. - Thus far, the methods of protecting a
cryogenic~-tank surface from external heating have included using shadow
shields, foils, combinations of these, orientation, and special coating
materials. One other factor that should be included here is trajectory
considerations, since the total heat absorbed on any mission will be
the integral of the heat-absorption rate with respect to time. These
trajectory effects are considered in detail in reference 8.

As mentioned previously, the heat-absorption rate due to planetary
heating is a strong function of the altitude above the planet. If small
heat-absorption rates are desired while orbiting a planet, then the
vehicle must operate at high altitudes. One means of having low-altitude
capabilities and small heat-absorption rates is to utilize elliptic
orbits. Here the high heat-absorption rates are encountered only for
short time periods, and thus the total heat absorbed per orbit will be
much less than the heat absorbed for a low-altitude circular orbit.

Likewise, the escape and entry trajectories are also important in
the overall storage problem. Vehicles with low thrust-to-weight ratios
will absorb more heat (upon escaping or entering a planet orbit) than
will vehicles with high thrust-to-weight ratios. However, as shown in
reference 8, for thrust-to-weight ratios greater than about 0.0l, escape
and entry heat absorption is generally negligible. Most chemical and
nuclear rockets have thrust-to-weight ratios greater than O.1l.

Comparison of methods. - The effectiveness of the various thermal-
protection techniques for reducing the rate of absorption of flux is
shown in figure 15. The hydrogen heat-absorption rates for the end of
a cryogenic tank protected by either shadow shields, or foils, or shadow
shields with foils, are plotted against the ratio of altitude above
Barth to Earth radius. The absorptivity and emissivity were assumed
equal to 0.1. It is apparent that the shadow shields are relatively
ineffective at low altitudes; however, at high altitudes where the planet
flux is more nearly parallel (and almost insignificant in magnitude), the
shadow shields are more effective. Augmentation of these shadow shields
with foils lowers the heat-absorption rate by a factor of about 10.
However, at high altitudes, practically the same absorption rates can be
obtained with foils alone. Thus, it appears that an attractive method
of reducing the effect of planetary heating is to employ foils on all
surfaces, since the additional advantage of using shadow shields is
relatively small. Below altitudes of about 2.2 EFarth radii, the ten
foils are at least an order of magnitude more effective than two shadow
shields. At 14 Earth radii, the two are equivalent. A possible dis-
advantage of planetary shadow shields is that they will require a con-
tinuous orientation toward the planet, thus allowing the cryogenic-tank
surfaces to be exposed to direct solar flux.
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Any other shadow-shielding system considered herein will lose its
efficiency as a planet is approached. TFor example, an internal shadow-
shielding system that 1s sufficient in space will probably be insuf-
ficient near a planet where the external heating can affect it. Again,
it should be emphasized that the mission plays a major role in deter-
mining the protection system. If only a short time is to be spent near
a planet, the shadow-shielding systems will no doubt suffice. However,
for long parking times in orbit, wildely spaced shadow-shielding systems
will have to be either replaced by an alternative shielding system or
avgmented with foils. The choice of a complete thermal-protection system
will ultimately be based on the minimum payload weight penalty.

Design of a Typical Thermal-Protection System

Thus far, the methods of thermally protecting a cryogenic tank have,
in general, been treated by considering an isolated portion of the tank
subjected to a constant internal or external flux. The purpose of this
section is to integrate these findings and demonstrate a method of
minimizing the payload weight penalty of a complete protection system
for a particular space vehicle and for specific missions. All cryogenic-
tank surfaces will be considered, and a variety of heating environments
will prevail. The vehicle used will be a hydrogen-oxygen terminal stage.
A terminal stage has been selected because it usually is exposed to the
most severe heating environment.

The stage assumed has the hydrogen and oxygen stored in 10-foot-
diameter cylindrical tanks at 30° and 140° R, respectively. The hydrogen
and oxygen tanks are 10 and 3.5 feet long, respectively.

Two missions have been selected: (1) a 179-day one-way trip, which
uses its terminal stage propellants to place a payload in orbit about
Mars, and (2) a 378-day round trip to Mars, which includes 20 days spent
in a 1000-statute-mile circular orbit about Mars. For the round trip it
is assumed that, after the 20-day waiting period, the terminal-stage
propellants are used to put the payload on a coast trajectory for re-
turn to Earth.

It is assumed that the stage components are arranged in the fol-
lowing order: payload, oxygen tank, hydrogen tank, and engine. From
figures 6 to 9 it was concluded that exposure of a cryogenic-tank sur-
face to direct solar flux was impractical. By orienting the stage with
the payload pointed at the Sun, the heating effect of solar flux was
avoided.

With the stage oriented so that the payload faces the Sun, the

thermal-protection-system design will be based on the effects of other
external radiation and the radiation between components.
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If it is assumed that the payload weight of the terminal stage is
to be maximized, a relation between payload weight, boiloff weight, and
thermal-protection weight can be developed. The stage gross weight is

Wg = WPZ ot Wup = Wst + Wbo T th

where W,, 1is the propellant vented overboard as a vapor because of
heat absorption by the propellant tanks (not a part of Wﬁp). If the

material used for thermal protection is not jettisoned before the pro-
pellants are burned, then

il
Wup = (1 - (Wg - Woo)
% ( eAN7Ig> g
The structure weight can be approximated as follows:

(wﬁp ¥ Wbo) F

Wee = M10008 ———n0—— + 10,072
st g Wg iWé - Wboi

where 0.0B(Whp + Wbo) and 0.02 F are representative values for the

tankage structure weight and the thrust sensitive weight, respectively.
The uncertainty of the coefficient 0.02 is such that this expression
can be written with equal accuracy as

(W, + W)
W = W 0.0 =2 e b0 Tl ot |
st g Wg Wg

If these expressions for propellant and structural weight are substi-
tuted in the original expression for gross weight, the resultant ex-
pression is

1.08
WPZ = WtP b Wbo(—-TeAv Ig)
W=
g 1.08 F
755 - 0-08 - 0.02 W

or, in a more convenient form,

1.08 F 1.08
Wy =W - 0.08 - 0.02 =—) = W,.. - W
pl g(eAvhg wg> tp bo(eAV7 Ig)

where F/Wé is the thrust-to-gross-weight ratio. From this final ex-
pression for sz, it is apparent that, for fixed values of Wé, ANy, =T,
and F/W , the payload weight is
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1,08
sz = constant - [th & Wbo(m>]

Thus, in order to maximize the payload weight, it will be necessary to
minimize the sum of the thermal-protection weight and l.OB/eAV/Ig times
the boiloff weight. For the Mars trips being considered, a terminal-

stage Av of 3.35 miles per second and a value of 0.5 for F/Wé were

assumed. A value of 425 seconds was assumed to be a representative
value of specific impulse for this hydrogen-oxygen stage.

Propellant boiloff has been shown in figures 2 to 15 to be strongly
dependent on the radiation environment and the thermal-protection devices
used. Furthermore, the radiation environment will ordinarily change as
the mission progresses. Additional assumptions will be introduced as
the one-way and round-trip payload weights are being maximized.

Mars one-way trip. - It was stated previously that the payload was
pointed at the Sun. Because the thrust-to-weight ratio was large (0.5),
the effects of Earth and Mars radiation (during the escape trajectory
from Earth and during the Mars entry trajectory) were negligible. Thus,
the only remaining modes of radiation affecting boiloff were the radia-
tion between components of the vehicle and radiation from the propellants
to space. Because hydrogen has a heat of vaporization more than twice
that of oxygen, it is desirable to vaporize hydrogen instead of oxygen.
This ignores the opposing (but negligible in this case) effect of greater
hydrogen tank weight because oxygen is more dense than hydrogen.

Figure 16 shows the effect of variation of the number of inter-
component foils on the payload weight penalty (defined as

Wep + (l.OS/eAN/Ig)Wbo). Tt was assumed that all foils have o = e = O.1

(refs. 20 to 22), and that the oxygen-tank side has a = € = 0.9. The
weights of the stage were as follows: Wg = 30,287 pounds (13,738 kg),

Wyp = 21,970 pounds (9965 kg), Wgy = 2060 pounds (934 kg). Because the

tank sides received no radiation from the Sun and negligible radiation
from the planets and space, it was possible to use the tank sides (and
engine end of the hydrogen tank) to reject excess heat to space. The
emissivity of these surfaces was chosen as 0.9. TFor all other surfaces
it was desirable to have the lowest acceptable value of emissivity (O.l).
Foil weights were based on (l) foil weight of 0.0l pound per square foot
of foil (ref. 20), and (2) foil support weight of 0.03 pound per foil
based on a 1l0-foot-diameter area and a foil density of 50 foils per inch.
As shown in figure 16, the optimum numbers of foils between the payload
and the oxygen tank and between the hydrogen and oxygen tanks were 7

and 4, respectively. The total payload weight penalty for this stage

is only about 10 pounds. This is only about 0.16 percent of the 6245~
pound (2833 kg) payload weight of the stage.
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The payload weight penalty of this stage due to thermal radiation
is extremely small. Thus, heat transfer by some other mode (conduction
through the structure, e.g.) could easily have a larger effect on pay-
load weight than propellant heating by radiation. With the almost neg-
ligible weight penalty due to the small number of foils, it is not nec-
essary to resort to isolated shadow-shield systems as shown in figure 3
to reduce further the rate of heat transfer from the payload to the
oxygen tank.

Mars round trip. - It was shown previously that the payload weight
penalty due to thermal radiation for a 179-day one-way trip to Mars is
essentially negligible. Also, figures 10 to 15 show that thermal-
radiation effects in the vicinity of a planet can be several orders of
magnitude larger than radiation effects in interplanetary space. Thus,
for the round trip suggested, which included orbiting Mars for 20 days
in a 1000-mile circular orbit, it should be anticipated that the payload
weight penalty due to thermal radiation will be much larger than the
penalty for the one-way trip.

In optimizing the thermal-protection system for the round trip, the
following assumptions were made:

(1) The thermal-protection system had fixed elements (i.e., no
variable-geometry devices were considered).

(2) For all coast phases of the trip, the payload was pointed at
the Sun.

(5) To prevent freezing of the propellants, no net heat loss was
allowed for either the hydrogen or oxygen for any part of the trip.

(4) If a choice existed, hydrogen boiloff was used instead of
oxygen boiloff to conserve weight.

(5) For all surfaces the emissivity and absorptivity were equal.
Values were limited to the range 0.1 to 0.9.

(6) The installed weight of foils was the same as mentioned in the
previous example.

(7) The Mars parking orbit was circular at an altitude of 1000
statute miles and contained the Sun-Mars axis.

(8) The stage velocity increment was 3.35 miles per second.

(9) The specific impulse was 425 seconds.
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The heat-absorption rates for the end of the hydrogen tank and the
sides of the oxygen and hydrogen tanks, all protected by ten foils
(a = € = O.l), are shown in figure 17 against angular position of the
stage with respect to the Sun-Mars axis. Two factors that affect these
curves profoundly are the variation of planetary flux with angular
position around the planet and the variation of angle factors with
angular position. The planetary flux varies with the temperature of
the planet and also with the planet's albedo. Because the planet's
temperature and albedo are not precisely known for various positions
around the planet (and probably vary from day to day at a fixed position,
anyway), the planetary flux cannot be predicted with great precision.
Two positions where the flux and consequently the absorption rate may be
easily estimated are the 0° (full daylight) and 180° (midnight) positions.
For figure 17, the 90° and 270° values were obtained by taking the
arithmetic mean value between those computed assuming a fully sunlit
planet and a fully darkened planet. The flux between these points was
assumed to vary according to a sine relation, the result of which is
shown in figure 17. For simplicity, it was assumed that the angle
factors were between either fully sunlit or fully shadowed planet sur-
faces and either locally horizontal or vertical tank surfaces.

By integrating the curves of figure 17, the average heat-absorption
rates for a complete orbit are obtained. However, there is no reason
to believe that the arbitrarily assumed number of foils (10) is also
the optimum number of foils. This presents no particular difficulty in
the optimization process, because (from eq. (14) in the ANALYSIS) it
can be seen that, if it is assumed that ag = €, = ¢4 = €y then the
absorption rate on these external surfaces must be proportional to
e/[N(2 - €) + 1l.

By using the preceding assumptions, it was possible to minimize
the payload weight penalty. The results of this optimization process
are shown in the following sketch of the terminal stage:
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The number and emissivity of the foil surfaces are indicated. A higher
value of emissivity between the oxygen and hydrogen tanks would have re-
sulted in freezing of the oxygen during the 179-day coast from Earth to
Mars. The foils and their supports weigh 110 pounds (50 kg). During
the 179-day phase of the trip, 99 pounds of hydrogen and no oxygen are
vaporized and vented. During the 20 days in the Mars orbit, 114 pounds
of hydrogen and 34 pounds of oxygen are vaporized and vented. The
total propellant boiloff is therefore 247 pounds (112 kg). Thus, the

payload
100% 1,08
ol E#p + <eAN7Ig> Wbé]

is only about 3 percent. Other weights are as follows: net payload,
6110 pounds (2771 kg); gross, 30,520 pounds (13,844 kg); structure,
2083 pounds (945 kg); and propellants, 21,970 pounds (9965 kg).

Solar alinement. - For both the one-way and round trips, it was
assumed that the payload was perfectly alined with the Sun. With other
than perfect alinement of the vehicle axis, direct solar flux would be
incident upon the cryogenic-tank sides. This would produce propellant
losses and degradation of the velocity-increment potential of the stage.
A detailed treatment of the effect of tank alinement with respect to
the Sun on boiloff losses is presented in reference 5. The magnitude
of these boiloff losses is shown in figure 18 for both the one-way and
round-trip configurations. Integrated boiloff losses are shown for the
179-day phase of the trips against the angle of misalinement with respect
to the Sun. For misalinement angles greater than about 2.20, both the
hydrogen and oxygen losses exceed 100 pounds using the round-trip stage.
Because the one-way-trip stage has no folls on the tank sides and in-
stead uses highly absorptive surfaces, its losses are about 100 times
greater than for the round-trip stage. As shown previously, these
losses are proportional to ¢/[N(2 - ¢) + 1].

It would be possible to include the effect of solar misalinement
in the payload weight optimization. An obvious passive method of elim-
inating propellant boiloff due to solar misalinement is to construct the
stage in the form of a cone (instead of cylinder), as shown in sketch
(f). Solar misalinement angles as large as B/Z could be tolerated
with no propellant loss due to solar flux.

~Payload
e /
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CONCLUDING REMARKS

The analytical techniques developed in this report provide the
basic information required to design thermal-protection systems for pro-
pellant tanks subjected to the thermal-radiation environment of space.
The application of these theoretical relations has been demonstrated
for cryogenic-propellant tanks. However, the methods used herein are
equally applicable whether cryogenic or noncryogenic propellants are
considered.

Shadow shields and foils can greatly reduce the heating of propel-
lants due to both internal and external thermal radiation. For low-
altitude planetary orbits, foils appear to be desirable for all cryogenic-
tank surfaces exposed to planetary or solar radiation.

Thermal-protection systems have been discussed in detail. The
optimum method of providing thermal protection for cryogenic propellants
is strongly dependent upon the magnitude and duration of the thermal
environment encountered during the mission.

It is recognized that several other factors, such as aerodynamic
heating during the boost trajectory, weightless fluid-dynamic phenomena,
meteoroid penetrations (ref. 23), effect of meteoroids on reflective
surfaces (ref. 24), materials problems (ref. 25), and nuclear-radiation
heating may have an important effect on the choice of a thermal-
protection system.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, August 3, 1961
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APPENDIX A

SYMBOLS
A cross-sectional area, sq ft
a albedo = 1 - emissivity = reflectivity
d diameter, ft
F thrust
i angle factor
g acceleration due to gravity at Earth's surface, ft/sec2
h altitude, statute miles
I specific impulse, sec
k apparent mean thermal conductivity of insulation, (Btu)(in.)/

(sq £t)(hr)(°R)
1 distance between radiation shields, ft
N number of radiation shields
Q heat-transfer rate, Btu/hr
7 radius, ft
dL temperature, °R
t thickness of insulation, in.
AV stage velocity increment, ft/sec
W weight, 1b
Xy Y any surfaces or tank surfaces
e external heat flux, incident upon bare tank or tank protection
system, Btu/(sq f£t)(hr)

7 = 1 on Sun side of planet; = 0 on dark side of planet
lod total hemispherical absorptivity




)

ag total hemispherical absorptivity of a surface for solar radiation

) see eq. (2)

€ total hemispherical emissivity

€5 total hemispherical emissivity of outermost surface at surface
temperature

o) radius, statute miles

o Stefan-Boltzmann constant, 1.713x1077 Btu/(sq ft)(hr)(°R%)

Subscripts:

a circular portion of shield shaded by adjacent tank or shield

B all surfaces facing inward to propellant tank

b annular portion of shield not shaded by adjacent tank or shield

bo boiloff

F all surfaces facing outward from propellant tank

g gross

max maximum

n net

o reflective surface upon which external radiation is incident

P relative to planet, or planet

joN A payload

S Sun or solar

S, P Sun to planet

s relative to space, or space

st structure

tot total

tp thermal protection
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APPENDIX B

ANGLE FACTORS

The angle factor fl,Z is defined as the fraction of radiant energy
leaving surface dAl that is directly intercepted by surface As. As-
suming diffuse radiation, and the cosine law of Iambert, Aqfy 2 18

J

cos @ cos @Po
Afy 5 = //( - ) dA) dAp = Apfp 4
/O \ R

A5 2

where the geometry is defined by sketch (g). This relation was derived
in reference 26. The angle factors presented herein are based on the
preceding assumptions.

~dA, =Element of area on
/ hemisphere of radius r

Normal to dA;-~

Normal to dA| =

(2)
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Directly Opposed Parallel Disks

The angle factor for directly opposed parallel disks (based on ref.

27) (sketch (h)) is
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where
.= nr%
Ry = nrg
and
1 salnd= Soliis
If r; =71, equation (B1) becomes identical to an independently derived

angle factor for the same example (eq. (A5)) in reference 18.




Directly Opposed Parallel Annuli
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The angle factor for directly opposed parallel annuli (also based

on ref. 27) (sketch (i)) is

oy B 2 L2 >

f =L Eé_:_ié 1. Eé;t_z_ 4.£é
1y4 7R 8 W e AR
)

il:

(B2a)
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where
A= o
Az = x(r% - £§)
Az = nrk
Ay = n(rf - )

f1,48 = T4,28

t3,a%2 T f4,2A4

and rz may be zero.

Horizontal Surface and Spherical Planet

The angle factor between a locally horizontal surface and either a
spherical planet or a flat plate subtending the same apparent solid
angle as a planet (sketch (j)) is

2
1
Ty,2 = (‘““3;) =fm,p (B3)

1 =
PP

This relation and the one that follows were presented in reference 3.
In reference 28 they are verified and presented in a more general manner.




/r-Horizontol surface

Flat-plate
equivalent of

| =
a planet —

Planet

(3)

Vertical Surface and Spherical Planet

The angle factor between a locally vertical surface and either a

—

Vertical surface-——

7,

g

~Flat-plate equivalent

// of a planet

Planet
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spherical planet or a flat plate subtending the same apparent solid angle
as a planet (sketch (k)) is

r 9
Pp ‘/ Zpp
o) /h (——) W =
tan-1 [—== o = (B4)
1+—=5 v
4 h

b —

al-

£, 2%

Multiple Horizontal Surfaces and Planet

The angle factor between a circular, flat, locally horizontal shield
and a planet when separated by another shield is shown in sketch L) & 5tk

cr’I would be diam.
p

of shield | if it sub-
tended same solid

angle as planet when it {—J Fag T
viewed from shield 2
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has been assumed that the diameters of both horizontal surfaces are
equal (d; = d2) and that the centers of the circular shields are on &
planet radius. As previously, the flat-plate equivalent of the planet
is assumed.

The angle factor between shield 2 and a planet is defined as

3 (fop,1p - fop,1)
f2v,1p

F2,p - T

F1,P

= fo, p (B5)

where fFl P is the angle factor between a horizontal plate and a planet
2

(given previously in this appendix); be,l is the angle factor between
the annular area b on shield 2 and shield 1, which can also be calculated
with the equations previously given in this appendix; and be,lP is

the angle factor between the annular area b on shield 2 and the pro-
Jjected area of the planet on surface 1.
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APPENDIX C

GENERAL METHOD OF CALCULATING THERMAL RADIATION
BETWEEN ADJACENT SURFACES

The general model used to calculate the exchange of thermal radia-
tion between adjacent reflective surfaces (assuming radiation equilib-
rium, uniform temperatures, and emissivities and absorptivities inde-
pendent of temperature) is as shown in sketch (m).

; G_W 7 -

Q)8

7 T, 7 7 / ‘
@ l @ I | “ay, e
aey Ay 7:,4 { l

("51417}4)”1,] fy,x(l"ly)“x | (U‘xﬂxaa)fx?/ fyz,x("ax)z (l‘uy)z
o
(o ex Ax T )’},y /y,x“"ﬂy)(‘_ﬂx)
(o ex eV A2y f2x (1-ax) (1= ay) % ax
(V‘XAXTX4)’:Y?,V /}.,,(I—n,)(l—a,)z
: 4
(o exAyTx )/x?y fy,x(l‘ﬂx)(l_ay)“y I
Tex 74)’ (1-ay) (ve,AXT,4)(‘,’3y fy?x(““x)z“'dy)za/
x xx4x,y y
e |
(o€ Ax Ty )ﬁ\',/"y | |
I e
| ®! ® ! e}

[ , T , T~y

1
T l = Absorbed or emitted radiation T ‘:Reflected radiation

(m)

This sketch demonstrates the exchange of radiation between two
surfaces. The radiant heat emitted by surface x, in the direction of
y only, is considered for simplicity. Radiative heat emitted from sur-
face y 1in the direction of x would follow the same pattern of ab-
sorptions and reflections.

Tracing the radiation exchange between these two surfaces shows
that (1) radiant heat is emitted from surface x because of its tem-
perature, (2) a portion of the radiant heat that leaves surface x is
absorbed by surface y, (3) a portion of this radiant heat that reaches
surface y 1is reflected, (4) a portion of this reflected radiant heat
is absorbed by surface x, and (5) a portion is reflected. This series
of absorptions and reflections continues on and on.
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The total amount of radiant heat that eventually reaches surface ¥y
(because of radiation originating from surface x) is

Q = oe A Toty Jay [1 + T yFy, x(1 = o) (1 - ay)
PR ET . e (L)

n n
e e b S TR R SRR ]

For 0 Sn <,

<)

Q= UexAxTﬁfx,y“y 2;% [?x,yfy,x(l - o) (1 - @y)]n

But the angle factors must be = 1, and absorptivities must be i g
therefore, fx,yfy,x(l - ax)(l - qy) < 1, and the infinite series con-

verges. Thus,

4
G€XAxTxfx,y“y

e TR S R Y G ay7

Similarly, the total amount of radiant heat that eventually returns
to surface x Dbecause of the many reflections of radiation originating
from surface x is

. n
Q= oo Aoy £ (1 < alla Zo [fx’ % DpERER e L B ocy)]
nNn=

=
GexAxTxfx,yfy5x(l - ay)ax

RN R CRE ) CRE)

By using the methods developed, the general heat-transfer model in
sketch (n) can be utilized in describing the radiant heat exchange be-
tween two constant-temperature sources.




_-—Surface y
g €y TX4AX

4

L= Fxyfy, x (I—ax)(l—ay)

4

L= Fy by, x (I-ay)(l—ax)

4
creyay(l— ay) fx,y f},’x/ly Ty

a
gey ay fy xAy Ty

| = foy frx (1=} (1= a))

Surface x—~

(n)

The terms used here are heat-transfer rates and are components of
the overall radiant heat exchange. From the preceding, it is apparent
that the net rate of heat emission from surface x (assuming the en-
vironmental temperature is 0° R and Ay = Ay) is

: 4
(%) . 0€XT§ . oega, (1 - or,y)fx’ yfy,xTx

%gtxemltted L=y ofo 2l =ia )1 = uy

4

Oty ey

T A e Y G (c1)
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The resulting net heat-emission rate from such an equation may be posi-
tive or negative in sign depending upon the temperatures used. The
positive sign will indicate the net rate of heat emission, and the nega-
tive sign will indicate the net rate of heat absorption.

Similarly, the net rate of heat absorption by surface y is

) 4
( g) ¢ 0] €Xd,ny; :),TX
A/)net sbsorbed L - fx,yfy,izl = “x)(l 3 @y)
by ¥ 4
4 oeyory (1 - o )Ty Ty 5Ty - oe T* (c2)
1 - fxfyfy_x(l - ay)(1 - ay7 ¥

If the resultant net heat-absorption rate is negative in sign,
this will indicate that this particular surface has a net rate of heat
emission rather than a net rate of heat absorption.
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APPENDIX D

THERMAL-PROTECTION METHODS®
On-Board Protection
Shadow shields. - If one radiation shield is placed directly be-

tween the two equal-diameter constant-temperature sources x and Yy
(sketch (0)), the expression for the net rate of heat absorption by

/f‘ayaex/7
7 !/

7 /

7~
M
“a,, €y

oL

—_

N radiation shields

l|=lz=l3=l4:..-=ZN
(o)

surface y is given by

. 2mé 4
G“T: + BGT
(Q) > A J S e cey)T§
Al [o(e, + &) - E - H]
y X
e J
——
Dy
where
ceyfax
B

071 - | B2 ) s WL~ (o)

SThermal equilibrium conditions are assumed throughout this

appendix.
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2 cexfz(l - ay)ax
Y 25 - eI o)

Oexfay
T 1 - £2(1 - a ) (1 - ay)

and
oeyfz(l - ax)ay
1= £2(1 - ay) (1 - o)

The angle factor f 1is the same throughout, because the equal-diameter
components and shields are equal distances from each other. FEquation
(D1) is for the rate of heat transfer between the ends of the components
only (i.e., no heat transfer through the sides of the components). Here
it is assumed that the temperature of the environment is 0° R and that
there is no temperature gradient either in the plane of the shield or
normal to the shield.

Using the same assumptions, the net rate of heat absorption by
surface y, through a system of two equally spaced radiation shields, is

<3> i i Sl (ey e e H]BGT?%’ + (E - oe, )Tt
AJa {[c(ey+ ex)-E-H:]Z_Bg} b b |
e ﬂg ¥4
For three shields,
(Q) G4T§ + {[g(ey + ex) R H]z x BG}BGT§
A B ([c(ey+ €x) -E- H] {[c(ey+ €) - E-H]?- B% = [c(€y+ €x) - E —H]BGj
. b e
D3
+ (H - oey)T§
For N> 2,
. N+1T4 4
9\ . G x + (Dy-1)BGTy X ”
(A>N " Toley + &) - E - H](Dyy) - (Dyp)BG (E=ge iy (p2)

where N 1is the number of shields, and Dy.; and Dy.z are the de-

nominators of the fractions in the equations for N-1 and N-2Z shields,
respectively.
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A further generalization of shadow shields can be made by letting
the two constant-temperature bodies have varying diameters as shown in
sketch (p). In order to obtain a reasonable solution for this system

27 QySy

~,
7
<%}

Y

@y, €y

of shields, it is assumed that the angle factors fy,l) fl,E’ f2)5,

i fN—l,N’ and fN,x are all equal. This assumption also dictates
that fl,yv f2,l) v et ters fN,N—l’ and fx,N will be equal. By examining
equation (Bl) of appendix B, it is apparent that the angle factors will
be equal if

rZ + 18 4+ 15 rf+ 18 2+ 12

By s i e 7 2

L L0 -1 N
and if

(rl 7 (1‘2>2 (rN )2 (rx :

o e N SR ] ry
Therefore, rl/ry, rz/rl, M rN/rN-l’ and rX/rN must be equal; and
Zl/ry, Zz/rl, ol e % IN/rN_l, and ZX/rN must be equal. With these

relations and the geometry of the system, the radius of any shield and
the proper spacing between shields can be obtained from the following
equations:
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19 N
ry = Ty 1+ gy tan 6)

VA
19 N+1
Y, =T (l-l——-tan@)
5 )
¥
1 N-1
ZN"—‘ Zl(l+—tan 9)
e

and

The total length 1rot of a shadow-shield system with N shields
(neglecting the thickness of the shields) is the sum of all the individual

=N
spacings z: 13 + 1y. This can be expressed as
i=1

- . N1
yoe e oo e ol Lot g
Lot tan 6 B

When 6 - 0, I, ~ I(N + 1).

If one shield is spaced between the two constant-temperature sources
x and y in such a manner that £ R fl,x’ then the net rate of heat

J.
absorption by surface y 1is given by
G2 25 P+ BOW
Q) y 4
=) = + (H - 0e,)T
Avh  [oley + &) -E - H o
v i: ( y x) ;
¥ Y
where Dl
s O'Gyfy, lCLX

Lot e LI =t M = )

e Gexfl; yfy; l<l 2 C(,y)CLX
1 - £3 157 (1 - @) (1 - ay)
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o = Oexfl; y&y
[ - e (R AR a ) (1 - ay)]
i = Geyfl; ny;l(l 3 C(X)(xy

1 =P Sto (1= w }1 = oy

and AX and A

y are the areas of surfaces x and Yy, respectively.

The net rate of heat absorption by surface y with two shadow
shields between it and surface x. is

A

X
a3 __>Tf( + [c(ey +¢€) -E - H]BGTB%

(KQ_>“ A[c(c-: +e)-E-—H]2—BG + (7 - oe))Ty
e e ]

J

S

Zi

Where ‘N > 2,

A
M1 (x4 4
G ( Ay)TX + (DN_l)BGTy 4

Q) -
<A )N E(ey i+ ex) o o H](DN_l) - BG(DN—Z)

where Dy_, and Dy_p are the denominators of the fractions in the

equations for N-1 and N-2 shields, respectively.

Foils. - Foils are very closely spaced radiation shields, where
the angle factor f between adjacent shields is assumed to be equal to
1. The net rate of heat absorption by surface ¥y (when separated from
surface x by N foils) can be obtained by setting the angle factor
f equal to 1 in the previous equations. Equation (DZ) then becomes

- o€y [(%) (E)X]N-!—l T}% - G€yT34r
R

e
b B,
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When (a/e)y(e/a)x = 1, the expression {l = [Ka/e)y(e/a)£]N+l}//
[} - (a/e)y(e/a)g] must be replaced by (N + 1).

Insulation. - Two equations can be written for the insulation
system shown in sketch (q). The first one defines the net rate of heat

--—f—-’ //FCD

\

(a)

absorption by surface 1 due to thermal radiation from surface x (see
eq. (CG2) of appendix C) and is given by

: 4 4
% = Tf + (H - oey)T] (Dda)
where
cequl
G =
1 - £2(1 - o) (1 - o)
and

Oelfz(l - G.X)(Il
H —
1-£2(1 - a)(1 - )

Equation (D4a) assumes that there is heat transfer only through the ends
of the tanks and the insulation and that the surrounding environment is
at 0° R.

The other equation that can be written for this system is the ex-

pression for the rate of heat absorption by surface y due to conduction
through the insulation:

(D4p)




48

This equation assumes that there is no heat transfer by radiation
through the insulation.

The net rate of heat absorption by surface 1, given by equation
(D4a), must be equal to the rate of heat transfer by conduction through
the insulation (eq. (D4b)). The unknown temperature T, can then be
obtained by a trial-and-error process. After T; 1is obtained, the heat-
transfer rate can be given by either equation.

Another similar application of insulation is shown in sketch (r).

-<—-/2—ad -<——/l—a-

/2
A v

Vo

et
e e
prfp. " S

(r)

Here again, a trial-and-error solution involving two equations is re-
quired. One equation can be obtained by considering the heat-transfer
rate through surface 1. The net rate of heat emission by surface 1 must
be equal to the heat-transfer rate due to conduction through the insula-
tion t3. Equating these two heat-transfer rates gives the following:

4 ]
(ceq - E)T{ - BT = T (Ty - Ty) (D5a)
where
o€xfay
B = :
1-£9(1 - a)(1 - ap)
and
celfz(l = ouz)oal
E =

1 - fz(l - al)(l - “2)
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A second equation can be obtained by considering the heat that
reaches surface 2. Here, the net rate of heat absorbed by surface 2
must be equal to the heat-transfer rate due to conduction through the
insulation t5. This is given by

4 4 k2 Ay
GTy + (H - 0€2) TS = 't—z- (TZ - Ty) (Duo)
where
s Uelfaz
1 - £2(1 - ) (1 - ap)
and
(of fz(l - )
H = 2 142

BT @) (1 - ap)

The unknown temperatures T, and T, can be obtained from equations

(D5a) and (D5b) by a trial-and-error process. Then the net rate of heat
absorption by surface y can be obtalned by using the conduction
equation (i.e., Q/A = (kp/t5)(Tp - Ty)).

A third application of insulation employing gaps is shown in sketch
(s). For this system, there are three unknowns (Tl, Tp, and Q/A, the
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net heat-absorption rate of surface x). Thus, three equations are
needed. The first equation can be obtained by equating the heat-transfer
rate due to conduction through the insulation to the net rate of heat
absorption by surface 1. This is given by

k
T (Ty - Tp) = 0Tf + (Hy - oey)Tf (D6a)
where
Gexfal
Gl = 2
1- 751 - ) (1 - o)
and
Hl =

15251 =~ a7 )1~ o)

The next equation that can be written states that this net rate of
heat absorption by surface 1 (due to thermal radiation from surface x)
must be equal to the net rate of heat emission from surface 2. This is
given by

G1Tx + (Hy - 0€))TT = (oep - Ep)T5 - BgT§ (D5D)
where
ceyfaz
32 = 2
1-£9(1 - ap)(1 - ay)
and

oezfz(l - ay)az

Es = =
1- 72901 - ap)(1 -«

1)
With T, and Tp the only unknowns in equations (D6a) and (Déb),

there are two equations with two unknowns from which T; and Tz can

be obtained by a trial-and-error process. Then the net rate of heat
absorption by surface y 1is given by the third relation,

% = GoT5 + (Hp - oey)T§ (D6c)
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where
O'Esz(.y
Go = 5
1-£2(1 - ay)(1 -‘ap)
and
oeyfz(l - az)ay
Ho =

1 - AR ag) (1 - ap)

External Protection

Solar shadow shields. - Assuming the incoming waves of electro-
magnetic radiation are perpendicular to the radiation shields and that
there is no temperature gradient across any particular shield, the equa-
tion for the net rate of heat absorption by surface y (sketch (t))

Ay r€x

] \\\\\\\
| \\:\::\\ <__
-
D e —
5 External flux
= €
i - R R
~ N \ -——————
\:\\\\ \
a,,e
o i &b
N\
N radiation shields
L=lp=lg=lg=...21,
(t)
through one shield is given by
. 4
Q asYG 5 BGTy 4
<K> + (H - o0&, )Ty

1 2\[0(60 + &) - E]J

o
Dy
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For two shields,

: 2 4
ac¥G” + |o(e, + €,) - E|BGT
<%>: 2 TR Ve + (H - oe,)TE
2 {[o(eo +€) - E][c(ey +e) -E-H - BG}
SRS 5 J
Dz
For three shields,
(
(_Q_) X agte®+ {[o(e, + &) - E] [ole, + &) - B - H] - Baymors ot e
3 o(ey+ex) - E-H{[o(eo +€ex) - E]|o(ey+ex) ~E-H| -BG} - [o(eo+ex) - E|BG
#5 ([otey it Iotey+ex) - £- 2] - 20} - [o(co+ ex) - £]26)
¥ ~ =
Dy
For N > 2,
. N 4
acYG" + (Dy_-)BGT
(%) = = on-1/ 2y + (H - oey)Ty (D7)
¥ [o(ey + &) - E - H](Dy_1) - (Dy_2)G

where B, E, G, and H are the same as the constants for equation (DZ),
and ¥ dis the incoming flux (e.g., if the incoming waves of electro-
magnetic radiation are from the Sun only, Y = UeS(rS/rS,P)Z Té). The

assumption of absorptivity and emissivity of the exposed outer surface
(qs,eo) allows for solar absorptivity to be different from emissivity.

These equations assume that there is heat transfer only through the end
of the component and that the environmental temperature is 0° R.

A further generalization of shadow shields can be made by letting
the outer shield assume a larger diameter than that of the component
being protected, as shown in sketch (u). For this model, the external
flux Y was assumed to be incident only on the shadow shield at the
greatest distance from }.
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- EXternal

flux,
o Y
-
-f————

(u)

Again, in order to obtain a reasonable solution for such a shadow-
shield system, it is assumed that the angle factors fygl’ fl,B: f2)3,

.5 8nd fN-l,N are all equal. This also stipulates that fl,y)

fZ,l: o dot ey, End: fN,N-l be equal. These conditions will be fulfilled
by using the following equations for the shield rad:i and spacings:

17 N
ry = ry 1l +— tan 6
Y

and

Zl N-1
ZN = Zl<l + — tan 6)
Ty

where 1ry 1is the radius of any shield in the system, ly 1is the dis-

tance required between adjacent shields, and 6 1is half the cone angle.
The total length of the shielding system (neglecting the thickness of
the shields) is the sum of the individual spacings 17, 1, - . ., and

ly. This-is given by

i=N . )
g R - L
liot = 1221 (13) = = (1 + <. tan e)

N

When 6 - 0, 1y, — 17(N).



If one shield is placed between the external heat source and the
component Yy, the net rate of heat absorption by surface y is given by

2 2
. Yoo [1 + == tan 6) + BaTS
Q S I‘:y y 4
Ty ‘ (H - Oey)Ty
1 K[O(eo "'jx-) - EL
Dy
where
e Ueyfy) l@x
12 I iyl = e
L o€y yFy 1(1 - oy day
L5 v, 2805 L )
G 2 Uexfl, y.CLy
1 - fl}yfy}l(l - a.)(1 - ocy)
= Geyfl: yfy)l(l = QX)CLY

R fl}yfy’l(l - a,)(1 - ay)

and Y is the external flux. (This assumes that the waves of electro-
magnetic radiation from the external heat source are parallel.) With
two shields,

1 =
2 - 4
) G Yas<1 + == tan e> + [o(eo + &) - E]BOTS

Q 5 4
T i + (2 - Gey)Ty
¥ {[o(eo + ex) - E][o(ey + &) - E - H] - BG}

S J
D2
For N> 2,

. GNYO,S(l + = tan e) + (DN_l)BGT§
(}3‘) ¥ y + (8 - oe)Té

v/n  [oley + &) - E - H](Dy_;) - BG(Dy_z)

where Dy_.; and Dy_p are the denominators of the fractions in the
equations for N-1 and N-2 shields, respectively.
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Solar foils. - The expression for the net rate of heat absorption
by surface y through N foils can be obtained by setting the angle
factor f equal to 1 in equation (D7). The resulting equation is

€
a (D8)

P e W
<l s %)4 A [(g) (g)x] & ?Z[(%>y<§>x]

When (a/e)y(e/a)y = 1, the expression {1 '[(%>y<§>X]N [ E (%>y<§>XJ

should be replaced by N. This equation gives the heat-transfer rate
through the end of the tank only. It was assumed that the flux Y was
incident only upon the outer surface of the first shield.

s [ra\ e\ TV A
(Q) € —)y<€)x] S
B

Planetary shadow shields. - The expression for the heat-transfer

rate (through the end of the cylinder only) and shield temperatures
for the arrangement in sketch (v)

/
\%




o6

are given by

_ g)(ae _ bh e g 4
Ay o] [<017 + C18 = m + C18 o + (019 Cgl) Ty + C20 (D9)

T _ (ae - bh l/4
b,2 = \ch - ag

4
oo, = |(2&=DB\g , E.l/‘
8,2 =~ |\ch - ag/h " h

and
G + Ce + C2T4 o, L \M4
Sy | A + Cg5 + Czly, 2 + Lyl 2
> Cs - C2
where
CyCq
Bl s g S i01e = (%g‘:f@g)
C; + C
4 i 5
Br= CléTy ot ClO -+ Cll == <C6—"_CE>C7
C=C
S
&= =t O + Cyz'= O
B ot 15 B
e =5b - Clo + 022
g=ce+ Gg
and

A c,C
Aa, 2 Cs - C2

The expressions for the constants are shown at the end of this section.
Tt has been assumed for these planetary shadow-shield expressions that
(l) the temperature gradient through any shield normal to the shield
surface is zero, (2) the tank and shields have equal diameters and are
equal distances apart, (5) the cylindrical axis of the components lies
on the Sun-planet axis, (4) thermal equilibrium prevails, and (5) the
angle factor between a shield and space is equal to 1 minus the angle
factor between shields.
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Solar shadow shields near planet on Sun-planet axis. - Similarly,
the expressions for the net rate of heat absorption by surface y and
the shield temperatures for the arrangement in sketch (w)

=

a // : a ///a \ 4
F,I}_/ \_{ 8,1 4{ F,2 \_{“5,2 /_{ay
FI g1 LSF2 B2 €y

()

are given by

3 {017[(1)— mw) (o +mi) + (n +mw) (u+mi)] +Clg[(u+mi)(q -mj) + (v +mnj) (o +mi)]
K; =0

(p - mv)(q - mj) - (v + mj)(n + mw)

+ (C1g - Cp)Ty + 033} (p10)

T o -mn)(o+ mi) + (n + mw)(u + mi)]l/4
b,2 7 [Tp -mw)(q - mj) - (v + m3)(n + mw)
[+ mi)(g -mj) + (v + mj)(o + mi):ll/4
8,2~ |(p - mw)(q - mj) - (v + m3)(n + mw)
T 4 \1/4
T, 1 = <1 + I o+ wTa}2>
4 4 4 1/4
CouTp,1 + C3Tp, 2 + CuTg 2 + Coz + Czy
T =
8,1 A

¥y
Co7 77— - Ces

ol
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where
Cpz + Cpg + s (Cz3 + Cz4)
Czg - C24(1 + s)
03(1 + S)
oy 028 = 024(1 5 S)

C e

m = 029 + CZ4X

n = 09 =+ C12 = 016 -+ 04X

4
0 = CaTy + Czy + Cxp + x(Cz, + Coz)

c £ C C c
p = e Ciaan g = Oy
16 Aa,E

q = 015 - Ce - C13 - 03X
Cos = Ca7

Ay
Co - C
27 Aa,l 25

% 4
u = Cz) + Cgg + Cp T + x (Czy + Co3)

v = CB =} Cls + 05x

W=
C28 - C24(l + S)
Czo
X =

A
Y
027(z;jz> - Cg5
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Solar shadow shields near planet on planet radius normal to Sun-
planet axis. - The expressions for the net heat-transfer rate through

® ®

T P
Y
\\\ //A\ //\\\
/
“y}; %&2}_/ \ {“F}2 4{°Bﬂ \\_{aFJ
€y ‘8,2 ‘Fe2  Ls, “F.

the end of the cylindrical tank and shield temperatures for the arrange-
ment shown in sketch (x) are given by

WL A B s C2) (C14Ty + Cyo + Cq1)
— =g
Ay e (Cg - C2)(Cyp - Czg - Cy5) = CCzg

+ Ca3 + (C19 - C21)T§ (p12)

4
C7(Czg + C37) + (Cg = C2)(C4Ty + Cyo + Cy3) 1/4

T, =
(Cg - C2)(Cyp - Cag - Cy5) - CyCag
4\1/4
o, o (236 Gz * Osele /
% Cs ~ Co

The expressions for these constants are given at the end of this section.
The preceding equations assume that (1) the temperature gradient through
any shield is zero, (2) the tank and shields have equal diameters and
are equal distances apart, (3) planetary flux is reflected only once
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before passing into space, (4) the vehicle lies in a plane perpendicular
to the Sun-planet axis with the shadow shields oriented towards the Sun,
and (5) thermal equilibrium prevails.

The expressions for the constants used in this section are as
follows:

4
Ci = fpy pop, 104+ €51 - Ty, plag, 1Tg

€g,1f1, 2f2 1(1 - ap plog 1

= Ca7
Ay, 2
€r, 2\" 3 Jfv2, 198,11
Fy
%5 = Ca7
Ag, 2
F, 2 ’;;f Ta2,198,1
T Ca7
e {1 o085 JFs Al & a1 e b e P s Yy
s 2,1)f2,1 F,2)ap 1Ts + €5 1,2)ap, 1 s
P Cq7
A
b, 2
(‘KL_)fFZ,sz,l(l - ap, 2)ap 1C4s
LAY
Ca7
be =Sp 0t S0
BT €g, 171, 20F, 2
- Cy7
A
v, 2
ep, 2|~ ) oz, 1f1, 2(1 - ap 1)op 2
Ay
B
. Ca7
A
By O
er, 2\ ) faz, 1f1,2(1 - ap 1)op, 2
Ay
Co =

Cy7
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[es(1 - 2, 1)ap, 2 + €s(1 - £1,2)%1,2(2 - op,1)ox, 5]T5
2 Ca7

Ap, 2
<—A; >sz, F, 2046
+

Ca7
Ay
y
< A, )fy, pfy, 2(1 - ayag, 2Csg
. Cag
4
+ [es(2 - 3, ylap 2 + (1 - £y 2)fy 2(1 - ay)op 2]T5
Cas
A
S5 2 %
eB; 2( Ay ‘)fazJ ny; 2(1 ay)&B; 2

Cus

e éﬁ £ (l )
B,2 A,Y bz, ny; 2 = %y/9B, 2
Cas

eyf.Y; ZCLB; 2
Cug

Ay

2
= (GF,Z + GB)2)<—_A;Y>

Ay, 2
L 2
= (ep, 2 + “?B,z)< Ay)

€ Ab’z if:
B,2\"a, ) 0¥V
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c
& Cys
4
o [Ss(1 - fy,2)ay + (1 - 3 y)fp (1 - ap 2)ay]TS
<0 Cag
A
b,y
(7g7>ny3P“yC46
+
Css
Ca =8y
4
% [es(1 - £1 2)8; 2(2 - ap, 1)ag, 2 + €5(1 - f5 1)ap 5]Tg
op =

Cya7

A
b, 2

(7K;j>fF2,Pfl,2f2,1(l - ag,2)(1 - ag,1)ap, 2Cs6
e

Cy7

4 8 4
Coz = fry, sop, 1|&sTs + es(;s x Ts

20,1\e g (1 )
S5 1 bl,2-2,a\ = g 2/05. 7
Ay

Coq = Ca7
A
a, 1
eB,1<—§;f>fa1,2f2,1(l - ap 2)op 1
Ces = C47
y 4
y [es(1 - £2,1)72,2(1 - ap,2)ag 1 + €5(1 - £1 p)ap 1]T5
2=

Ca7

A
b, 1
<7§j>fb1,P@B,1C46




Ap, 1
( 7 )<€F,l + €p 1)

AE

Ap 1
€B,1 T fp1, 208, 2

Ca7

Aa,l £
B, 1\ Ay als 299, 2

Cq7

B
[€s(1 - f2 1)op 2 + €5(1 - £1 2)f7 (1 - op, 1)aF, 2] Ts

Ca7

Ay, 1
( Ay )fbl pf1,2(1 - ap 1)ap 2Cug

+
Cq7

4
[es(2 - £2,y)ap, 2 + €5(1 - Ty 2)Ty 2(1 - aylag 2]T;

Cug

i, 2
£ Tv2, P8, 2046

+
Css

4
[GS(]_ - fy) Z)G,y cE GS(l - fz) y)fz)y(l - O“B,E)(Ly]Ts

Css8

Ay, 2 .
g b2, Pr2, 3(1 - ap 2)a,Cyg

+
Cug

4
[es(1 - £2,1)f2 1(1 - op 2)ag 3 + €5(1 - £1 plap 1]T5

Cy7

A

b, 1

( e )fbl pap, 151,252, 1(1 - ag 1)(1 - ap 2)Chg
+

Ca7
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Cys

A
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|
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4 rs \°
epxT5 + ape Taz
514 + mpeg () 78

Ca7 =1 - £ 2Fp 1(1 - ag 1) (1 - ap 2)
Cgi = L g aty s Spiaill ~ b

Insulation. - If it is assumed that there is heat transfer only
through the end of the component Yy, the expression for the rate of heat

N\\k
&

N
ke

(v)
absorption by surface ¥y (sketch (y)) is

() - ) (D12a)

However, since T, 1is not known, another equation is needed. The net

rate of heat absorption by surface 1 due to thermal radiation from ex-
ternal sources is given by

>l

= Y - oeT% (D12D)

These two equations can be equated (since the amount of heat that enters
surface 1 must be equal to the amount of heat that passes through sur-
face y assuming no heat loss on the edges of the insulation), and Ty
can be obtained by a trial-and-error process. After T, is known,
either equation can be used for the heat flux.




66

Another application of insulation between a constant-temperature
source and an external heat flux is shown in sketch (z). Tt is assumed

@ O

e/ —>

\ ,// St

(z)

that the waves of electromagnetic radiation from Y are incident only
on surface 1. The net rate of heat absorption by surface 1 due to radi-
ation from the external heat source must be equal to the conductive
heat-transfer rate through the insulation. This is given by

% (T, - Tp) = qY - oeyT§ (D13a)

A similar equation can be obtained for surface 2:

2 -
fz,y(l - ay)az g ey fp yaoly
2 2
Tats o1 -a )BT -85 LT -a ) (1 -05)

k -
(T ~Tp) = 04exT5|1 -

(D13b)

The term on the right side of equation (Dle) is the expression for the
net rate of heat emission by surface 2. If ik and T, are the only

unknowns in (D13a) and (D13b), they can be obtained by a trial-and-error
process. Then the rate of heat transfer into surface y 1is given by

4 2
€pfp yaT f :,or.:,(l - Qo)
=0 = = + e T & 2

l_fg,y(l-a‘y)(l’az) yyl-fg}y(l—q,y)(]__mz) =

i (D13c)

=00
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Combining shadow shields and foils. - The heat-transfer rate for
the system shown in sketch (a') requires a trial-and-error solution

yA/ foils

\

\—QF, €F
(a')

between the shadow-shield equations (D9), (D10), or (D1l) and the foil
equation (DB). In using Q/A from the shadow-shield equations, replace
Ty by Tg Oy by ap, and €y by €p. Then, by trial and error,.the
outer-foil temperature Tp 1s found, which gives equal values of Q/A
for the shadow-shield equations and the foil equation. This method

assumes that, whenever a and b areas exist on the outer foils, the
outer foil has infinite conductivity laterally.

Combining shadow shields and insulation. - The heat-transfer rate
for the system of shadow shields and insulation in sketch (b') requires

MANN

\
=0 &
)

(')

an iteration between the shadow-shield equations and the insulation
equation. Again, in using Q/A from equations (D9), (D10), or (D11),
it is necessary to replace Ty by $1%51 €y by €3, and oy by .
Then an iteration is required to determine the equilibrium value of T;.
This method also assumes that, whenever &a and b areas exist on the

outer surface of the insulation, this surface is assumed to have an
infinite conductivity laterally.
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TABLE I. - PLANETARY CONSTANTS
a a r 2
Planet Planet Albedo, 2 T4 % sl S T4z,
temperature, ap PP P=S ry p S
Tp ’
oR oR4
Day Night Day Night
Venus |P508 450(29) | P0.73 3.644x1011 | 1.107x1010
Earth |P525 bs525 b 39 1.433x1011 | 4.634x1010
Mars 518(29) | 401(30) .08(30) | 7.501x1010 | 2.388x101°

@Numbers in parentheses refer to references.
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(b) Typical nuclear-rocket stage.

Figure 1. - Schematic diagrams of rocket stages.




Propellant heat-absorption rate, Btu/(day)(sq ft end area)

1000

| ——— ] 1
| |
i[oele Heat -
absorption
rate
100 AlE—— Positive
— ————— Negative
e~
\\
\
XN
10 A= Net heat - absorption ==
! N rate of Ho due to ]
Net heat-absorption rate NS payload e[}
of Oy due to Hp ~
. IR
: R I o N A T D (2 o R "
= — \
9
== Net heat -absorption Y- N
rate of Oz due -~ N
~ to payload = s N
o
I,—pl
g F
02 Ho N
ol X
j I*l'“ }'"l 5 Net heat-absorption rate =X
of Hz due to Og —~+_
_*_d* @ Ha 02 m [ \\ \\\
1 5 \\“\~ el
Lpl \ £
Ool 'S 1 1 ;i g 1 1 1 1 |
0001 .00l 0l 8l
Spacing ratio between components, l/d
Fi%ure 2. - Efg'ect of arrangement and spacing of vehicle components on propellant heat-absorption rate
a=¢€¢=0.1).

cL



74
100 = — ! —F——F
&t Heat- G
T absorptionH
\\\\‘Q\ rate
0 NI ——— Positive ||
= = === ———— Negative §
8 R \\ S ]
6 \ \ N d
3 \ NN N
qc) | \ \ \‘ \‘ \‘
':: : \ ‘\\ ‘\ ‘\\
\ \ ¥ \
z \ \ \ N
= Foils (£ =1)
—_ \ N
z \LLLN NRE.
© t x
= \
2 i \
; I \
<
I= Ol : T :
E —~10 "' 1 Y
c R 1'
—t— -2 -
2 r | 10 Fl \ Spacing
o / ‘)'___ .
= 00| y _31__ ratio,
@ : #10 "3 1/d
"g /1 l‘
-o-'- T ‘\ /rIO'4
o ¢ =B
2 ‘ "/——‘-—
000l T
c A
) ~
(@2} 1
& t i
= — Al
= /1N
0000| = ’// A
0000 =00 rr (LAl rs200R
s 0 B0 B T
i = ;
e L JGPLEN FESRT M 9!
S I 1O 100 000
Number of shadow shields or foils
Effect of number and spacing of shadow shields (o = € = 0.1).

~

(a

Figure 3. - Shadow shields for reducing on-board heating effects.




Hydrogen heat-absorption rate, Btu/(day)(sq ft end area)

T5

1000 = =i
x\\ aze
\\ 1.0 Heat-
\\ absorption
100 I S rate
E'.\ v Positive
SR e Negative
N
10 i by e
S \ == ~Foils (£ =1)
X, K-
& \ N .
| \ L it
TR “\ ~
\ L% N
i X ‘
\ )
\ \ 1.0
.01 £.0l \ ‘."
i ////T\Z
ot e
TN
Ol 2 e //‘ _+6
aars 30 °R~ 520 °R- i
.0001 ‘ | I ‘ ll'll ‘ | | Lﬁ?)l

10

100 1000

Number of shadow shields or foils

(b) Effect of number and emissivity of shadow shields (1/d = 0.1).

Figure 3.
effects.

- Continued.

Shadow shields for reducing on-board heating




T6

Hydrogen heat absorption rate, Btu/(day) (sq ft end area)

e s 3
= Hp /Ll rPayload
— 30°R7 TEs \\\ 520° R
7
= / \ )
— i & a
E d:l}L\ J_
| dgieg " g e
10,000
€ ) € He(lf— ==
P 2k absorption ]
1,000 =20 1O e 2
= Positive =
N S ———— Negative —
\ —
100 =g e
\\ = \\\
N\ Nl ol
Vo L
L \‘\
{7 R LR ot
L ERES e ¢
S \\ : 2 X \\\
R .Y AN N
A \ i\ AN
1 :
Ee = ] _|§§§
YE N W0 N L
Ol \\ \ —\:—————_& e |
sl = Eesis =W E——=
=.0l,.01 RRIAY 5 =
I, 1= - = -
ot I A, 0l 5] an
0loll| = | \ \ L)
T E 0L O0IS=
\v ‘\‘—;3——-—— ————————— b — — —— ——
i = ar =0l
e Y
000! ), 0=
L0l
(c)
0000l
CIBEECERST e T WU R T T T

Number of shadow shields

(c) Effect of number of shadow shields and variation of emissivity

from front (1/d = 0.1; ap = €B; aF = €F)-.

Figure 3. - Concluded. Shadow shields for reducing on-board heating

effects.




Propellant heat-absorption rate, Btu/(day) (sq ft end area)

1L

s ==
- 0" 6
a-=e
1.0
1,000 >
N
\\\
100 sl
= |
\\ k
N N
10 > :
\\ .Ol vy
T~ ‘\
N N
S g
\g\\\\ \\\\‘
= | = =
~ \
s N \\\ \\
\\ N ‘\\ \\\
| | - g o
\\ N \\\
e B ~
=< N
N N \\
\\ ™ N
.Ol N~ ‘\‘
= Propellant \\\ AN
i ;%R T,,°R waporized SN TN
.00l ' 2 N
— 520 30 Hydrogen
-—-—— 520 140 Oxygen
R T 140 30 Hydrogen
.000I oo d BT R ETRENE
| 10 100 1000
Number of foils
Figure 4. - Effect of number and emissivity of foils in reducing on-

board heating.



78
1000 = asesis
: \\-30°R /—52 >R
\ L
o U
of foils & l A
S 0
o ==l |||
. | B
o 100 wmmsagd]
©
(==
@ N
- B
~ N
O
2
= N [10
§ _L_\.\.....
= 10
2
m \
. \
L \
34
i, 100 1m
ke 30° R—\\ 520° R_:' b
o \ 2 \
e
o £y,
. - -~
© Gap alone—""
(]
z 1000
> 0 TN
g \
<
©
>
T
.0l
.000I .00l .0l N | 10
Spacing ratio between components, 1/¢
Figure 5. - Comparison of gaps and foils for intercomponent thermal
protection (o = € = 0.1).




Hydrogen heat-absorption rate, Btu/(day)(sq ft end area)

. *.
T W™ a0’ ,_/_81"
Sun Z—"/ “H» 30°R
1000
NG Heot‘ 1]
?\ absorption ||
RN
|00 \\ \: rate !
A X Positive H
\\ \\ \§\ ————————— Negative i
NT TN, . T
10 : \\‘ \\ b
‘\\ \\ \ \\ B ‘\\ Foils
i \ Saped athim
\ \ \ \ | Spacing q
| 3 3 Y 5 s ratio,
% ; \ \ l/d .
\ \ \ N[TT
\ | | .0l \ .OOI [\ 000l
A | |
{ § )
1 \
| \ \
| \ \
L
t i
| 1
-+ == {
| \
001 201 \
; t
71.001
000 | /17000
.000
& | 10 100 000
Number of shadow shields or foils
Figure 6. - Effect of number of foils and number and spacing of shadow

shields on hydrogen heat-gbsorption rate due to solar flux (as =
= e = 0.1).

T2




80

Hydrogen heat-absorption rate, Btu/(day)(sq ft end area)
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Hydrogen heat-absorption rate, Btu/(day)(sq ft end area)
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Hydrogen heat-absorption rate, Btu/(day)(sq ft end area)
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