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PRECEDING Irt.a":

F O R E W O R D

This document is Volume 1 of the final report on Contract
NAS8-21080, "An Analytical Study of Storage of Liquid Hydrogen
Propellant for Nuclear Interplanetary Spacecraft." The study
was performed by the Fort Worth Division of General Dynamics
Corporation for the George C. Marshall Space Flight Center of
the National Aeronautics and Space Administration. The pro-
gram was conducted under the technical direction of Mr. D.
Price of the MSFC Propulsion and Vehicle Engineering Labora-
tory. His assistance in the performance of this study is
gratefully acknowledged.

The final report comprises three volumes;

Volume 1. Results and Summary

Volume 2. Technical Details

Volume 3. Numerical Data

Volume 1 contains a complete presentation and discussion of
the results, together with a summary of the important findings
of the study. Volume 2 contains a description of the methods
of analysis and the computer programs used in the study.
Volume 3 contains a tabulation of the numerical data, includ-
ing both the thermal protection system optimization r -lilts
and the mass-buildup data.

The authors would like to acknowledge the contributions
of K. A. Pinter and M. K. Fox in the mission analysis tasks
and of L. E. Heyduck, Jr., in the structural and meteoroid
protection analyses.
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S E C T 1 0 N 1

I N T R 0 D U C T I 0 N

Successful long-term storage of liquid-hydrogen propel-
lant, which is a. requirement for manned planetary explora-
tion, is completely dependent upon a highly effective thermal
protection system. For the thermal designer to accomplish
this goal, he must have the necessary data to make decisions
regarding the insulation thermal performance requirements,
appropriate propellant storage modes, and performance require-
ments of the associated thermal management system. Since
solution of the thermal problem will be essential to the suc-
cessful completion of the mission, it is necessary that ther-
mal considerations enter into the mission planning and vehicle
design activities at the earliest possible moment. Such con-
sideration in the early planning phases may lessen the thermal

1	 problem and reduce the complexity of the thermal design task.

The study reported herein was conceived to provide guide-
lines and quantitative data concerning liquid-hydrogen thermal
protection systems for both mission planning and thermal de-
sign with respect to a conjunction-class, manned, Mars stop-
over mission. By quantitatively evaluating the influence of
the various factors that affect the thermal protection system,
the impact of these factors can be properly assessed. The
intent is to provide useful data and to point out significant
trends from the thermal protection standpoint in order that a
successful total system design may be accomplished.

This volume is organized in such a manner that it may be
easily used by persons desiring various degrees of detail
concerning the study. Those interested in a general summary
are referred to Sections 2, 6, and 7. Greater detail may be
obtained by study of the mission and the vehicle descriptions
in Section 3 and the Mars vehicle initial mass data in Subsec-
tion 4.1. The remainder of Section 4 treats the results per-
taining to each stage of the vehicle separately; the section is
concluded with a discussion of off-optimum performance. Per-
formance criteria for the thermal management systems and the
solar shield systems are discussed in Section 5.

1
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1.1 STUDY OBJECTIVES

The primary purpose of this study is the assessment of
the problems resulting from extended Earth orbital storage of
liquid-hydrogen propellant. Secondary objectives are to in-
vestigate: (1) the sensitivity of the vehicle mass to insula-
tion thermal performance, (2) the effect of Mars parking orbit
altitude on thermally optimized vehicles, and (3) the reduc-
tion of penetration heat transfer by use of solar shields.

The scope of the study covers the investigation of the
propellant storage modes listed below:

1. Nonvent storage with stratification reduction

2. Vent storage

3. Vent storage with partial recondensation
(partial-recondensation mode)

4. Combination vent-nonvent and partial recondensation-
nonvent storage.

In addition, the effect of orbital tanking on the vehicle mass
will be determined.

1.2 APPROACH TO THE STUDY

A wide-ranging parametric study of optimized propellant
storage systems was defined to achieve the objectives outlined
above. Basic parameters were the Earth orbit staytime, the
insulation performance (thermal conductivity-density product),
and the Mars orbit altitude. In addition, several propellant
storage modes were investigated and the interplanetary stages
were studied both with and without solar shields. The opti-
mum storage system is determined on the basis of minimum
vehicle Initial Mass In Earth Orbit. Payload is fixed in each
case, but the variation in Mars Excursion Module Mass with
Mars orbit altitude is accounted for. Because of the large
number of parameters, only one mission could be studied. The
1984 conjunction-class, manned, Mars stopover mission was
selected, which is characterized by low energy requirements
and a long mission duration. The Mars vehicle configuration
was developed from the modular nuclear vehicle concept.

2
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The study was divided into two phases. In the initial
phase, simplified optimization techniques were used to in-
vestigate a wide range of parameters and storage modes in
order to determine the importance of these parameters and
modes. The final phase was accomplished utilizing a com-
puterized and more complex optimization procedure involving
an iterative scheme of vehicle mass buildup and propellant
storage system optimization.

In investigating the effect of propellant storage mode,
the mass of the particular thermal management system was
not included in the analysis. This approach was adopted
for two reasons. First, parametric mass data for the
various systems are not readily available. Second, these
systems are in development, and the limited mass data
presently available are subject to change. The approach
taken here allows performance criteria for the various
systems to be generated by comparison of the results for
different storage modes. This same approach was taken with
respect to solar shield systems.

1.3 DEFINITIONS

Certain phrases and terms require definition to orient
the reader properly. These definitions are provided below.

J

	

	 Propellant storage system - A set of subsystems that
contain the propellant, offer protection against the natural
environment, or reduce the propellant heat transfer. The

p ' set comprises the tank and associated structure, whose mass
is proportional to the tank mass; the insulation; the Ares-
surant; the boiloff; and the meteoroid protection.

Thermal management system - A system that acts to alle-
viate the problems caused by heat transfer to the propellant.
These systems include vent, partial recondensation, and
stratification reduction systems.

fiThermal protection system - A system that comprises the
Y	 propellant storage system and the thermal management system.

IMIEO - The initial mass in Earth orbit of the Mars
vehicle.

3
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Propellant-storage-system effective mass fraction - The
ratio of the stage propellant-storage-system effective mass
to the total propellant loading. The term "effective" de-
notes that the mass of each propellant-storage-system com-
ponent that is Jettisoned (propellant boiloff and meteoroid
protection) has been multiplied by the appropriate weighting
factor to adjust the masses of these components to the same
basis as the mass of nonjettisoned components (tank, insula-
tion, and pressurant). Jettisoned items are not carried
through the total number of velocity changes and thus affect
the IMIEO differently from nonjettisoned items. For example,
insulation on the Mars Departure Stage is carried through
three propulsive maneuvers (Earth departure, Mars braking,
and Mars departure) and thus a certain portion of the pro-
pellant loading is directly attributable to accelerating the
insulation through the velocity changes. On the other hand,
boiloff from the Mars Departure Stage that occurs during
Earth orbit is not carried through any of the above propul-
sive maneuvers. Thus, no portion of the propellant loading
can be directly attributable to accelerating this boiloff.
However, additional propellant is required to accelerate
those added portions of the tank and insulation masses, etc.,
that are related to the boiloff mass. For a mathematical
definition of this term, the reader is referred to Section 6
of Volume 2.

Zero-mass-fraction vehicle - A vehicle with a propellant
storage system mass fraction of zero for at least one of the
vehicle stages.

Propellantllant storage penalty - The additional mass required
at the start of the mission that is directly attributable to
the propellant storage system. This penalty includes the
additional stage propellant requirements due to the mass of
the propellant storage system. Also included are the addi-
tional masses of propellant, tank, insulation, etc., re-
quired on all lower stages. The penalty is generally ex-
pressed as a percentage of the zero-mass-fraction vehicle
IMIEO.

Propellant initial condition - In all cases, the initial
propellant thermodynamic state is triple-point saturated liquid.

Vent pressure - The vent pressure for the vent and par-
tial recondensation modes is 14.7 psis.
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S E C T I O N 2

S U M M A R Y

Space storage of liquid-hydrogen propellant for time
periods associated with manned, planetary, exploration mis-
sions requires highly effective thermal protection systems.
This report presents the results of a parametric study of
optimized liquid-hydrogen propellant storage systems for a
conjunction-class, manned, Mars mission. The factors con-
sidered are (1) the basic parameters of Earth orbit staytime,
insulation thermal performance, and Mars orbit altitude; (2)
the mode of propellant storage; (3) the use of solar shields
during Mars transfer and Mars orbit; and (4) orbital tanking.
Propellant storage modes considered in this study are:

1. Nonvent (with stratification reduction)

2. Vent

3. Partial recondensation

4. Combination vent-nonvent and partial
recondensation-nonvent

The objective of the study is to determine the effects of
the above-mentioned variables upon the stage thermal pro-
tection systems and the vehicle Initial Mass In Earth Orbit
(IMIEO).

The mission is a 1984 conjunction-class, manned, Mars
stopover mission with a total duration beyond Earth orbit of
930 days, of which 510 days are spent in Mars orbit. Earth
orbit staytime, one of the basic study parameters, ranges
from 90 to 270 days. The Mars vehicle is built up from seven
nuclear propulsion and propellant modules and the mission
payload modules. This configuration is constant, although
the module sizes are variable; the propellant tank length is
a function of the variables of the study. For the multi-
tank Earth Departure and Mars Braking stages, all tanks of a
particular stage are considered to be identical in all as-
pects. In all cases, the initial propellant thermodynamic
state is triple-point saturated liquid. The vent pressure
for the vent and partial recondensation modes is 14.7 psia.
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Optimum propellant storage systems were determined using
the Thermal Protection System Optimization computer program.
This program combines a rocket vehicle mass buildup-sensitivity
analysis with a propellant-storage-system optimization analy-
sis to define the propellant storage system for one stage of
the vehicle that yields the minimum vehicle IMIEO. The re-
maining two stages of the vehicle are defined in terms of
nominal mass fractions. The propellant loadings and subsys-
tem masses for these stages will vary, but the mass fractions
remain constant. This approach was used to generate the bulk
of the data presented in this report. Additional IMIEO data
were obtained by using the optimum mass fractions for all
stages simultaneously in conjunction with a rocket vehicle
mass-buildup program. The vehicle defined in this manner is
loosely referred to as an 'optimized" vehicle.

The IMIEO data do not include the mass of the thermal
management system required for the particular storage mode.
For example, the IMIEO values for the partial-recondensation
mode do not account for the mass of the system necessary to
reliquify a portion of the gross propellant boiloff. With
this approach, the data for the various modes can be compared
to determine relative performance criteria for the thermal
management systems.

Each of the study variables has been found to have a
significant effect on the stage propellant storage systems
and on the vehicle IMIEO. The thermal performance of the
insulation system is the key item, however, since it has a
strong effect in itself and determines to a great extent the
influence of the other study variables. For example, with
high-performance insulation, the propellant heat transfer in
many cases is less than that required to raise the propellant
pressure from the initial triple-point pressure of 1.02 psia
(0.70 N/cm2) to the vent pressure of 14.7 psia (10.1 N/cm2).
Under these conditions, no propellant boiloff occurs and the
vent and partial-recondensation storage mode; yield the same
results as the nonvent mode. With respect to the "optimized"
vehicle, the insulation thermal performance has a substantial
impact on the vehicle IMIEO. Percentage increases in IMIEO
over the range of performance reach a maximum of 49%. Of
special significance is the fact that for the case mentioned
above, the bulk of the increase, 42%, occurs in the rane
of kp values above the intermediate value of 7.5 x 10-§Btu
lbm/hr-ft4-OR (2.08x10" 3W kg/m4- OK). This trend was noted
throughout the study; the benefits associated with improving
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the insulation performance beyond the intermediate kp value
are limited.

In many of the cases with low-performance insulation,
the vehicle IMIEO is of such magnitude that it exceeds the
maximum associated with the four-module Earth Departure
Stage configuration assumed in this study (the maximum is
determined on the basis of a 330,000-1b m (149,700 kg) pay-
load capability for an uprated Saturn V launch vehicle).
Therefore, at least one additional module would be required

i	 in the first stage to meet the propellant requirements.

The effect of Earth orbit staytime on the vehicle IMIEO
is strongly dependent upon the insulation thermal performance.
With low-performance insulation, IMIEO increases as much as
26% as the staytime increases from 90 to 270 days. This in-
crease is reduced to less than 6% at the intermediate kp
value. In terms of the vehicle propellant storage penalty,-

'	 an extended staytime in Earth orbit can result in significant
increases in the penalty. With low-performance insulation,
the penalty to IMIEO in one case increases by 444,500 lbm
(201,600 kg) as the staytime increases from 90 to 270 days.
Again, solely by improving the insulation performance to the
intermediate kp value, the increase in penalty is reduced to

{	 108,600 lbm (49,250 kg).4.

g-_

	

	 Earth orbit staytime affects the Earth Departure Stage
to a greater extent than it does the interplanetary stages
because the mission of this stage is restricted to Earth

R orbit. However, data for the shielded Mars Braking Stage are
similar to that of the first stage since its heating history
is dominated by the Earth orbit mission phase. The Mars De-
parture Stage, on the other hand, shows little effect of stay-

{	 time for the range of staytime investigated, even in the
shielded case. The heating history of this stage is dominated
by the 510-day period spent in Mars orbit.

Two methods of mitigating the effects of extended Earth
orbital storage were investigated during this study: orbital
tanking and the combination vent-nonvent (or partial reconden-
sation-nonvent) storage mode. Preliminary analyses indicated

j that tanking is beneficial only with low-performance insula-
tion. Consequently, optimized propellant storage system data
were obtained only at the high kp value. For the unshielded
Mars Braking Stage, tanking results in propellant storage

l ;	 penalty reductions of 4.4% and 2.6% of the zero-mass-fraction

i , ;	 7
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IMIEO for the vent and partial-recondensation modes, respec-
tively (180-day staytime). Maximum staytimes, which corres-
pond to tanking of the total propellant loading, are of the
order of 1000 days. In the shielded Mars Departure Stage case,
the penalty reduction is less than 1°0 of the zero-mass-
fraction IMIEO in all cases (staytimes less than 90 days).
However, tanking increases the maximum staytime beyond 500
days. Tanking is not feasible: for the shielded Mars Braking
Stage or the unshielded Mars Departure Stage.

The combination mode yields a greater reduction in the
storage penalty than does orbital tanking, but the increase

i
in Earth orbit staytime is much less. 	 In this mode, the
expansion volume required by nonvent operation during mission
phases beyond Earth orbit is used to store excess propellant.
This excess propellant is then boiled off during Earth orbit.
For the unshielded Mars Braking Stage with low-performance
insulation, the propellant storage penalty is reduced 23%
(110,300 lbm or 50,000 kg) with no extension of Earth orbit
staytime.	 In the shielded Mars Departure Stage case, the
penalty is reduced 22% (40,300 lbm or 18,300 kg) at the high
kp value.	 Only a few additional days staytime are gained.
As in the case or tanking, the combination mode is not feas-
ible for the shielded Mars Braking Stage or the unshielded
Mars Departure Stage.

Mars orbit altitude affects the vehicle in three ways:
Mars Excursion Module mass requirements, thermal environment
of the Mars Departure Stage, and energy requirements for the
Mars braking and departure maneuvers. 	 Results of this study
show that the Mars Excursion Module mass variation with alti-
tude is, by far, the most important of the three factors with
respect to the vehicle IMIEO.	 This results in the general
increase in IMIEO as the altitude increases; percentage in-
creases in IMIEO reach 22% as the altitude increases from 216
n.mi (400 km) to the synchronous altitude of 9203 n.mi
(17,053 km).

Relative to the individual stages, higher Mars orbit
altitudes result in larger Earth Departure and Mars Braking
Stages.	 The increased propellant loadings are caused by the
larger mass of the Mars Excursion Module.	 Since this module
is left at Mars, it does not affect the Mars Departure Stage.
The initial mass of this stage decreases as the altitude in-
creases, reflecting the less severe thermal environment at
the higher altitudes.

8
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The importance of the propellant storage mode increases
with increasing stage number and, for a particular stage, as
the propellant heat transfer increases. In terms of the
narameters investigated, the heat transfer increases as a
result of poorer insulation thermal performance, a more se-
vere thermal environment, and increased Earth orbit staytime.
The influence of propellant storage mode is a maximum for
the condition of maximum Earth orbit staytime and low Mars
orbit altitude with low-performance insulation (unshielded
vehicle). The difference in IMIEO between the vent and par-
tial-recondensation modes for this case is 519,300 lbm
(235,500 kg), or 22.3% of the partial-recondensation-mode
value.

In all cases where the vent and partial-recondensation
modes can be defined, both of these modes result in mass
savings relative to the nonvent mode. At the synchronous
altitude, the difference in IMIEO due to propellant storage
mode reaches a maximum of 509,200 lbm (230,900 kg) between
the nonvent and partial-recondensation modes for the shield-
ed vehicle. At this condition, the difference in IMIEO
between the nonvent and vent modes is 231,800 lbm (105,100 kg).
The IMIEO difference is reduced as the insulation perfor-
mance improves. At the intermediate kp value, with all other
conditions the same as above, the IMIEO difference is 49,700
lbm (22,500 kg) between the nonvent and partial-recondensation
modes.

The influence of propellant storage mode varies between
stages. For the Earth Departure Stage, the vent and partial-
recondensation modes begin to yield mass savings at the inter-
mediate kp value at staytimes beyond 180 days. With the high-
est performance insulation, the vent pressure is -not reached
at any staytime, and results for the vent and partial-recon-
de•nsation modes cannot be defined. The above remarks also
apply to the shielded Mars Braking Stage,where the vent and
partial-recondensation modes become definable only at the
longer staytimes for the intermediate kp value. For the un-
shielded Mars Braking Stage, the modes associated with pro-
pellant boiloff become definable near the maximum staytime
at the lowest kp value.

Propellant storage mode is most important for the Mars
Departure Stage. The long mission time of this stage pre-

!	 cludes use of the nonvent mode; under the most favorable

S_

V
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conditions, the tank pressure reaches 37 psia. Thus, either
a vent or partial-recondensation thermal management system
is required on this stage. For the unshielded stage, the
partial-recondensation mode yields a percentage reduction
in storage penalty of roughly 45% in all cases. This reduc-
tion is less in the shielded case, ranging from 28% to 38%
as the kp value increases.

The use of solar shields to reduce the radiant energy
incident upon the vehicle was investigated for the Mars trans-
fer and Mars orbit mission phases. Shielding yields sub-
stantial reduction in the vehicle IMIEO, especially with low-
performance insulation. Savings in IMIEO reach 346,200 lb m
(157,000 kg) with the lowest performance insulation. With
higher. performance insulation, the savings are an order of
magnitude less. Propellant storage mode affects the IMIEO
difference between the unshielded and shielded vehicles;
IMIEO differences for the partial-recondensation mode are
less than one-half those for the vent mode.

The relative effectiveness of the Mars transfer and Mars
orbit solar shields is dependent upon the Mars orbit altitude.
At low altitudes, the planetary-emitted and albedo radiation
are dominant, thereby reducing the effectiveness of the Mars
orbit shield with respect to the total incident energy. Thus,
at low altitudes, the major portion of the IMIEO reduction
associated with a shielded Mars Departure Stage is attributable
to the Mars transfer solar shield. At the synchronous alti-
tude (9203 n.mi or 17,053 km), however, more than one-half
of the IMIEO reduction is attributable to the Mars orbit shield.

A significant aspect of the solar shield is its effect
on the penetration heat transfer. During Mars transfer, the
shield reduces the incident radiation., and thus the penetra-
tion heat transfer, to a negligible value, except during the
periods of guidance correction. In Mars orbit, the orbit
altitude influences the amount of reduction in the penetra-
tion heat transfer. The percentage reduction increases from
7% to 57% as the altitude increases.

Estimates of the system masses for the Mars transfer
shield and the Mars orbit shield show little variation over
the wide ranges of the variables investigated. These system
masses, which include the basic shield mass, the canister,
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and the associated subsystems, can be considered constant
for most purposes with little error. For the Mars trans-
fer shield, the total system mass is 950 lb m (430 kg); the
Mars orbit shield system mass is 495 lbm (225 kg).

11
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S E C T I O N 3

M I S S I O N A N D V E H I C L E
D E S C R I P T I O N

In a broad parametric study of the type discussed here,
it is necessary to restrict the scope of the study to a single
mission and vehicle. To aid the reader in understanding and
interpreting the results presented in later sections of this
report, a brief summary of the mission and a short description
of the ve:3icle arc presented in this section. Additional
information concerning the mission analyses performed during
the study and the vehicle itself are contained in Sections 2
and 3 of Volume 2, respectively. The section is concluded with
a description of the characteristics of each of the propellant
storage modes investigated in this study.
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3.1 MISSION DEFINITION

The reference mission for this study is a conjunction-
class, manned, Mars stopover mission. This class of mission
is characterized by long mission durations (about 22 years
from Earth departure to Earth return), Long staytimes at Mars
(about 12 years), relatively low energy requirements, and
relatively small variations in energy requirements from year
to year.

The selected mission departs Earth on 1 March 1984 and
returns to Earth on 17 September 1986. Mission duration
following departure from Earth orbit is 930 days, and the
total duration varies from 1020 to 1200 days, depending upon
the Earth orbit staytime. The heliocentric geometry for the
mission is presented in Figure 3.1-1; the polar plot relates
solar distance, heliocentric longitude, and time. Variation
of solar distance with flight time Is presented in Figure
3.1-2, and addi,ttonal mission data are tabula':ed in Table
3.1-1. The data in the table are standard trajectory data
and. are self.-explanatory.

The three Mars circular-orbit altitudes selected for the
study are 216 n.mi (400 km), 3238 n.mi (6000 km), and 9203
n.mi (17,053 km). The highest altitude is for a synchronous
orbit (orbit period is equal to the period of rotation of
Mars about its ax:is), while the lowest altitude is an estimate
of the lowest altitude considered feasible for a 510-day
duration in Mars orbit - based on estimated orbit decay rates.
This altitude is considered approximate because of the large
uncertainty concerning the density of the Martian atmosphere.
The intermediate orbit altitude was selected from considera-
tions of the variation of the total energy (QV) requirements
for Mars braking and Mars departure, the reconnaissance
capability, and landing-site accessibility. The selected
altitude yields a near-minimum total AV and allows a high-
inclination orbit, which is desirable for more complete
planet coverage and access to landing sites over a wide range
of latitudes.

Equatorial inclinations of the Mars orbits were selected
by the requirement that the resulting orbit precession yields
the correct orientation for a coplanar departure from orbit.
Only posigrade orbits were considered. The selected inclina-
tions are listed in Table 3.1-1.

14



GENERAL DYNAMICS
Fort Worth Division

TABLE 3.1-1

MISSION SUMMARY

Civil Date	 Julian Date

Depart Earth: 1.0 March 1984 244	 5760.5
Arrive Mars: 27.0 September 1984 244	 5970.5
Depart Mars: 19.0 February 1986 244	 6480.5
Return Earth: 17.0 September 1986 244	 6690.5

Outbound Flight Time:	 210 days
Mars Staytime:	 510 days
Inbound Flight Time:	 210 days

Planetocentric (Earth) Planetocentric (Mars)
Departure Phase Departure Phase

Parking Orbit Altitude: 262 n.mi (485 km) Selected*
Hyperbolic. Excess Speed: 0.1270 EMOS 0.0813 EMOS
Declination of Departure

Asymptote: -35.710 9.620
Right Ascension of Departure

Asymptote: 182.43° 212.72°
Parking Orbit Inclination: 36.00 Selected*

Heliocentric Phase Heliocentric Phase
(Outbound Leg) (Inbound Leg)

Heliocentric Transfer Angle: 148.89° 141.77°
Inclination of Transfer Orbit: 3.530 0.8940
Eccentricity of Transfer Orbit: 0.1835 0.2396
Perihelion Distance: 0.9621 AU (no transit) 0.9948 AU (no transit)
Aphelion Distance: 1.3946 AU 1.618 AU (no transit)

Planetocentric (Mars) Planetocentric (Earth)
Arrival	 Phase Return Phase

Parking Orbit Altitude: Selected* Direct Reentry
Unbraked Entry Speed: -- 38,321 ft/sec (11.6801 km/sec)
Hyperbolic Excess Speed: 0.1272 EMOS 0.1235 EMOS
Declination of Arrival
Asymptote: 4.510 14.03°

Right Ascension of
Arrival Asymptote: 316.53° 110.250

Parking Orbit Inclination: Selected* -

* The selected circular orbit altitudes and inclinations are:

Altitude	 Inclination

9203 n.mi (17,053 km) 	 10.7 deg
3238 n.mi (6000 km)	 63.0 deg
216 n.mi (400 km)	 75.2 deg
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Figure 3.1-: Heliocentric Mission Geometry
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3.2 VEHICLE CONFIGURATION

The vehicle configuration upon which the study is based
was developed using the modular approach. The basic pro-
pulsion unit is the nuclear propulsion module, which has been
under study for several years. Individual stages of the
vehicle comprise one or more of the basic modules, either as
propellant or propulsion modules. The propellant module is
identical to the propulsion unit with the exception of the
engine and related structure. Important features of the
nuclear module, with respect to this study, are described in
Subsection 3.2.1. The configuration of the complete conjunc-
tion-class Mars vehicle is discussed in Subsection 3.2.2,
including the considerations that led to its selection.

An important aspect of this study concerned the varia-
tion of the Mars Excursion Module (MEM) mass with Mars orbit
altitude. (The MEM is part of the payload o: the Mars Brak-
ing Stage and has chemical, rather than nuclear, propulsion
systems.) A brief description of the MEM and the variation
with altitude of the MEM mass is presented in Subsection
3.2.3.

3.2.1 Nuclear Propulsion Module

The nuclear propulsion module, shown in Figure 3.2-1,
is powered by the 230,000-1b-thrust (1,023,000 N) NERVA
engine (Reference 3-1). Liquid-hydrogen propellant is con-
tained in the 384-in.-diameter (9.75 m) aluminum cylindrical
tank, which is closed with ellipsoidal heads. Propellant
tank length is variable according to the propellant require-
ments of the particular stage. Within a stage, however, all
tanks are identical.

The basic structural concept is the pressure-stabilized,
membrane-type tank, which is suspended by a stiffened
titanium cone within the ascent shell. This shell carries
the high-g inertial loads experienced during Earth launch and
and is retained during the Earth orbit assembly period for
meteoroid protection. It is jettisoned just prior to departure
from Earth orbit. During the low-g propulsion maneuvers of
the Mars vehicle, the loads are carried by the tank wall. An
orbital-assembly i_nterstage is attached to the aft end of the
tank by means of a titanium skirt. This interstage transmits
loads from lower stages during the low-g propulsive maneuvers,
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supports the docking cone, and furnishes meteoroid protection
to the engine and the aft-end of the tank.

Meteoroid protection is furnished by a system comprising
the tank wa11, the jettisonable foam-filled meteoroid bumper,
the orbital-assembly interstage and docking cone, the forward
thrust structure, and the ascent shell. The tank wall fur-
nishes protection during the period between the jettisoning
of the meteoroid bumper and the engine ignition. The combina-
tion of the foam-filled bumper and the tank wall provides
protection during the interplanetary mission phase, with the
bumper sized by the interplanetary meteoroid protection

f requirements. The addition of the ascent shell to the bumper
and tank-wall combination furnishes the additional protection
required during Earth orbit.

3.2.2 Total Mars Vehicle

3.2.2.1 Vehicle Stages

The complete Mars vehicle, shown in Figure 3.2-2, com-
prises a four-module Earth Departure Stage, a two-module Mars
Braking Stage, a single-module Mars Departure Stage, and the

I;	 mission payload. An in-line configuration was selected sincel	 i,
it is well adapted to the modular approach and allows the

i-
ascent shells to be jettisoned easily.

fa.

The Mars Braking Stage is made up of a propellant module
and a propulsion module stacked above the propellant module
of the Earth Departure Stage. The Mars Departure Stage is
the smallest of the three stages and consists of a single
propulsion module. Module size is variable in terms of the
tank length and is dependent upon the study variables and

I ..

i

d

^t

4 '

The Earth Departure Stage is made up of three propulsion
modules and a single propellant module stacked above the
central propulsion module. The additional propellant module
was necessary to meet the stage propellant requirements while
keeping the individual module mass within the payload capa-
bility of an uprated Saturn V launch vehicle. While three
modules would be adequate at some of the conditions investi-
gated in this study, the majority requires four modules, and
a common configuration with respect to the number of modules
was deemed necessary to preclude discontinuities in the data
presentations.
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the stage number. All propellant tanks for a particular stage
are identical, however.

Payload for the vehicle includes the Mission Module,
the Mars Excursion Module, and the Earth Entry Vehicle. The
Mission Module mass is 116,000 lbm (52,600 kg), including
the solar-flare shield mass of 16,000 lbm (7260 kg), and the
Earth Entry Vehicle mass is 15,000 lbm (6800 kg). The Mars
Excursion Module mass is dependent upon the Mars orbit alti-
tude, as discussed in Subsection 3.2.3. An additional pay-
load of 1500 lbm (680 kg) consists of scientific payload
returned from Mars, such as soil samples.

Just prior to the Earth departure maneuver, the ascent
shells are jettisoned from all of the modules. The Earth
Departure Stage engines are fired and the vehicle leaves
Earth orbit and enters the Mars transfer trajectory. The
Earth Departure Stage is then separated. Prior to the brak-
ing maneuver at Mars, the orbital-assembly interstage and the
meteoroid bumpers from both modules are jettisoned from the
Mars Braking Stage. The vehicle achieves orbit and the
Braking Stage is separated. The orbital-assembly interstage
and meteoroid bumper of the Mars Departure Stage are jettisoned
just prior to the Mars Departure maneuver and the vehicle
enters the Earth transfer trajectory, where separation of
the spent Mars Departure Stage occurs. The mission is com-
pleted with an atmospheric-braking re-entry into Earth orbit
and finally to the Earth's surface.

3.2.2.2 Solar Shields

One objective of the study is to investigate the ef-
fectiveness of inflatable solar shields during the inter-
planetary phases of the mission. In cases where these shields
are utilized, the vehicle is said to be "shielded." Two
shields are used during the mission. The first, the Mars
transfer shield, is deployed early in the Mars transfer phase
and shields the Mars Braking and Departure Stages from direct
solar radiation. This configuration is shown in Figure 3.2-3
with the spherical shield deployed from the aft end of the
Braking Stage. It is required that the vehicle longitudinal
axis be aligned with the solar vector except during the
guidance correction periods at the beginning and end of the
outbound leg. This shield is jettisoned just prior to Mars
braking.
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The second solar shield, the Mars orbit shield, is de-
ployed upon achieving Mars orbit and shields the Mars
Departure Stage from direct solar radiation. 	 The vehicle-
shield configuration is shown in Figure 3.2-4 with the
spherical solar shield deployed from the aft end of the Mars
Departure Stage.	 Again., the vehicle longitudinal axis must
be aligned with the solar vector. 	 This shield is jettisoned
prior to Mars departure.

For the unshielded case, the vehicle orientation during
1 . Mars transfer is such that the vehicle longitudinal axis is

broadside to the sun. 	 In the Mars orbit mission phase, the
ivehicle axis is oriented along the velocity vector.

E:
3.2.3	 Mars Excursion Module

The Mars Excursion Module (MEM) is used to descend from
the parking orbit at Mars to the surface of . Mars and to
ascend from the surface back to orbit. 	 The major components
of the MEM are a descent vehicle, a surface payload, an

;3- ascent vehicle, and an ascent payload. 	 The MEM used in this
study is based on the concept given in Reference 3-2. 	 The
reference MEM was designed for a crew size of six men and a

F,t; nominal stay time of 500 days. 	 The most important deviation
j from the reference MEM was the choice of propellant; storable
` propellants were assumed rather than cryogenic propellants

because of the long staytime on the planet. 	 Specific impulse
of both the ascent and the descent vehicle propulsion systemsx._
was assumed to be 360 lbf-sec/lbm (3530 N-sec/kg).

A two-stage ascent vehicle was defined. 	 The first stage
is used for a direct ascent to a 100-n.mi. (185 km) circular
orbit and the second stage is used for a transfer to the
parking orbit.	 The mass of the ascent payload is 11,310 1bm
(5140 kg).	 Included in the ascent payload are the crew and
associated equipment; control, tracking and computer equip-
ment for piloting the stage; and the scientific payload and
samples brought from the surface.	 The structural mass of

} each stage is based on a propellant mass fraction (propellant
mass divided by the sum of propellant mass and structure
mass)	 of 0.9.

R-

A single-stage descent vehicle was defined. 	 The pro-
pulsion system of the stage is used for de-orbit, propulsive
braking, hover, and translation prior to landing. 	 In
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addition to the normal structure based on a propellant mass
fraction of 0.85, allowances are included for a landing gear
and a heat shield. Payload of the descent vehicle consists
of the ascent stage and the surface payload. Included in
the surface payload of 62,660 1bm (28,420 kg) are two roving
vehicles, life-support equipment and supplies, experimental
equipment, power supply, and other items to maintain a base
on the surface.

The AV requirements for the MEM were determined for
each selected Mars orbit altitude. The effect of altitude
on the total AV requirements is reflected in the transfer
AV requirements of the second stage of the ascent vehicle
and the descent de-orbit AV requirements.

The total mass of the MEM is presented as a function
of orbit altitude in Figure 3.2-5. The large increase of
MEM mass with increasing altitude results from the increase
of the AV requirements with altitude. Increased AV re-
quirements result in larger propellant and propulsion system
mass requirements and, therefore, larger total MEM mass.
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Figure 3.2-5	 Variation of MEM Mass with Altitude

26



GENERAL (DYNAMICS
Fort Worth Division

3.3 PROPELLANT STORAGE MODES

Five modes of propellant storage are treated in this
study: nonvent, vent, partial-recondensation, combination,
and tanking. The latter is not a storage mode as such,
but rather a variation of the vent or partial-recondensation
modes. The initial thermodynamic state of the propellant
(triple-point saturated liquid) is the same in all cases,
and the mission time history begins at the start of the
Earth orbit assembly period.

In the nonvent storage mode, the tank is a closed con-
tainer throughout the mission and the heat transfer to the
propellant is accepted as an increase in the propellant
internal energy. Accompanying the increase of internal
energy are the associated increases in pressure-and tem-
perature and a reduced propellant density. Because of the
density change over the mission, there is necessarily a
large initial ullage fraction. As the propellant expands
during the mission, this ullage volume is reduced; the tank
is sized by a 5% ullage volume fraction at the end of the
mission. Typically, in the nonvent mode, the tank and
insulation masses are the dominant components of the pro-
pellant storage system mass.

I
The vent mode is characterized by boiloff of the pro-

pellant at a constant pressure which, in this study, is
14.7 psis in all vent-mode cases. Since the propellant
initial thermodynamic state is triple-point saturated liquid,
there is an initial nonvent period associated with the vent

<<

	

	 storage mode. In many of the cases studied the vent
pressure was not reached, with the result that a vent-mode
case for the particular set of parameters could not be
defined. Typically, in the vent mode, the boiloff, insu-
lation, and tank masses are the dominant components of the
propellant storage system mass. The tank is sized to con-
tain the total propellant loading including the boiloff
with a 5% ullage volume fraction.

ff
	 The partial-recondensation mode is similar to the ventl

mode in that a portion of the heat load is removed by pro-
pellant boi,loff. However, in the partial recondensation
mode, a fraction of the boiloff is reliquified and retained
as useful propellant; the remainder is super-heated before
being vented to the surroundings. As in the vent mode, the
vent pressure is 14.7 psia in all cases and the tank is
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sized with a 5% ullage volume fraction. Dominant components
of the propellant storage system are the boiloff, the insula-
tion, and the tank.

A variation of the nonvent mode, which utilizes the
large initial ullage volume characteristic of that mode,
is termed the combination mode. The basic concept is to
utilize the tank volume required for propellant expansion
during nonvent operation to load excess propellant that is
subsequently boiled off during Earth orbit. This concept
will reduce the propellant storage system mass and allow
some extension of the Earth orbit staytime. The vent is
closed at the beginning of the Mare transfer trajectory and
the remainder of the mission is completed in the nonvent
mode. Sizing of the tank is based on the interplanetary
mission phases alone, with a 5% ullage volume fraction re-
quirement at the end of the mission. Propellant expansion
during the interplanetary mission phases then determines
the initial ullage required at the start of the Mars trans-
fer trajectory, and the maximum additional propellant load-
ing is set by that ullage volume. Actual propellant loading
could be tailored to the desired Earth orbit staytime. To
maximize the range of staytime, the vent pressure during
Earth orbit was set at 8 psia (5.5 N/cm ) for the oombina-
tion mode.

The tanking mode can be considered as a variation on
either the vent or the partial-recondensation modes. Tank-
ing implies the replenishing of the propellant boiled off
during Earth orbit; the additional propellant is furnished
by an orbital tanker. Vent pressure during Earth orbit is
set at 8 psia to achieve maximum utility from the tanking
mode. Beyond Earth ?rbit, the vent pressure is the usual
14.7 Asia (10.1 N/cm ), and a nonvent period will occur sub-
sequent to Earth orbit as the tank pressure increases from
8 to 14.7 Asia.
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P A R A M E T R I C S T U D Y
R E S U L T S A N D D I S C U S S 1 0 N

In this section, the results of the parametric study
are presented and basic trends in the data are pointed out
and discussed. The discussion is organized to present
results applicable to the total. Mars vehicle first,
followed by separate discussions of the effects of the
various parameters and systems upon the individual stages.
The section is concluded with a discussion of off-optimum
data.

The basic parameters in this study are the Earth orbit
&' staytime, the insulation performance (thermal conductivity-

density product), and the Mars orbit altitude. The import-
ance of the Earth orbital storage period as a parameter,

"	 from the thermal standpoint, rests principally on two
facts: (1) for a Mars mission, the Earth orbital environ-
ment is likely to be the most severe thermal environment
of the mission; and ( 2) or manned Mars vehicles the lon g)	 ^	 g

orbital, assembly times presently envisioned may be a signi-
ficant fraction of the total storage period and may domi-
nate the propellant heating history of the first two stages.
In this study, the total Earth orbit staytime ranges from
90 to 270 days. The Earth Departure Stage is assumed to be
in orbit for the full staytime, while the Mars Braking

F -	 Stage and the Mars Departure Stage have staytimes of t*ao-
thirds and one-third of the total, respectively.

Insulation thermal performance is an extremely important
parameter for study, since the effective thermal conducti-
vity values for multilaver insulation quoted in the litera-
ture cover a wide range (Refs. 4-1, 4-2, and 4-3). This
parameter assumes added importance since the installed
performance may be less than that measured under more ideal
conditions in the laboratory. The measure of insulation

I

	

	 performance is the product of effective thermal conductivity
and density. Although the effective thermal conductivity

1;	 varies with insulation thickness and temperature level, it
^;	 was necessary in this study to neglect such effects.
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The third basic parameter, Mars parking-orbit altitude,
is important from a thermal standpoint since the planetary
emitted and albedo radiation vary with orbit altitude. An-
other related aspect of thermal effects is the change in
solar shield effectiveness with altitude. At lower alti-
tudes, the planetary components of the incident radiation
degrade the performance, since the shield is designed to
intercept only the direct solar radiation. Mars orbit
altitude is also important with respect to variations in
the velocity increments for the Mars Braking and Mars
Departure Stages and in the mass of the Mars Excursion
Module.

In addition to variation of the basic parameters, the
propellant storage mode was also varied. The five different
modes investigated (nonvent, vent, partial-recondensation,
combination, and tanking) are described in Subsection 3.3.
Finally, the effectiveness of solar shields for reducing
the incident radiation during the interplanetary portions
of the mission was investigated.

As mentioned in Section 1, the study was conducted in
two phases. The results presented here were obtained
during the final phase of the study. It will be noted that
data are not presented for certain combinations of parameters,
propellant storage modes, and stages. These combinations
were not investigated during the final phase because results
of the preliminary study indicated that such combinations
were either not feasible or not of interest. For example,
it was found during the preliminary analysis that the high
heat transfer to the unshielded Mars Departure Stage re-
sulted in extremely high pressures in the nonvent mode.
Even with the solar shield, the pressures were beyond the
range of interest for practical tank design, except at the
synchronous altitude.
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4.1 MARS VEHICLE INITIAL MASS

The basic approach in this study was to generate opti-
mized propellant-storage-system and mass-buildup data, with
the propellant storage system of only one stage of the Mars
vehicle optimized at a time. Nominal mass fractions,
evaluated from the preliminary analysis results, were used
to define the remaining stages in order to determine the
Initial Mass In Earth Orbit (IMIEO) of the entire vehicle.
However, once the single-stage optimizations were obtained,
it became possible to obtain mass-buildup data for a
vehicle using the optimum-mass-fraction data for each stage
simultaneously. In this section, data for such an "optimized"
vehicle are presented. The limitations are recognized,
since the thermal protection system of each stage of the
vehicle should be optimized simultaneously for a truly
optimized vehicle.. However, the general trends should be
similar. In each case the insulation performance, Mars
orbit altitude, and fractional Earth orbit staytime were
common to all three stages.

Propellant storage mode was also common to all three
stages, and the graphs are labelled as such. However, under
conditions that result in low propellant heat transfer (high
insulation performance, short staytime, high altitude), the
vent pressure may not be reached in the Earth Departure and
Mars Braking Stages because of the larger propellant loading
and shorter mission time relative to the Mars Departure
Stage. Thus, in some of the figures presented in this
section, the labels "vent mode" and "partial-recondensation
mode" may not describe the actual storage mode in the lower
stages. The actual mode may be the nonvent mode in the
first stage or the first and second stages (refer to stage
data sheet in Volume 3). This situation actually makes the
data more useful for the following reason. The assumption
of a common storage mode for all three stages relates to
the modular approach to the Mars vehicle. Assume that each
stage has a partial-recondensation thermal management system
and assume further that the vent pressure level is not
reached in the Earth Departure Stage. The data presented
here are applicable to this case because the thermal manage-
ment system mass has not been included. Now, assume that
the common-storage-mode requirement is waived and the non-
vent mode is assumed for the Earth Departure Stage. The
data for the common-mode case are also applicable to this
case of mixed nonvent and partial-recondensation modes
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between the stages. The only difference is that there are
fewer partial-recondensation systems required and thus a
smaller mass penalty to be added to the IMIEO value pre-
sented here (partial-recondensation mode) to obtain the
actual value of IMIEO.

The bulk of the data presented in this section is for
the vent and partial-recondensation propellant storage modes.
For the shielded vehicle at the synchronous (9203 n.mi or
17,053 km) Mars orbit altitude, the nonvent mode results are
also presented. The reason for the lack of nonvent mode
data is that this mode was not considered feasible for the
Mars Departure Stage except for the specific condition
mentioned above. During the preliminary analysis, it was
found that the nonvent mode resulted in extremely high
pressures for the unshielded Mars Departure Stage at all
orbit altitudes. Even in the shielded case, the pressures
were beyond reasonable values at the lower altitudes.

Data in this section are presented in terms of the
IMIEO or the propellant storage penalty. Propellant storage
penalties are referenced to the zero-mass-fraction vehicle
and, if expressed in fractional form, are normalized by
the IMIEO of the zero-mass-fraction vehicle.

The mass of the ascent shell was not included in the
optimization analyses since it would have little effect on
the optimum insulation thickness. The effect of this mass
on the IMIEO is shown in Figure 4.1-1 for the vent mode with
low-performance insulation. This condition would tend to
yield the largest ascent shell mass. With the shell mass
included, the IMIEO is increased approximately 6% across
the entire range of staytime. At less extreme conditions,
higher insulation performance for example, the increment
in IMIEO would be reduced.

4.1.1 Sensitivity to Parameters

In this subsection, the sensitivity of the Mars vehicle
IMIEO with respect to the basic study parameters (Earth
orbit staytime, insulation performance, and Mars orbit alti-
tude) is discussed.
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4.1.1.1 Earth Orbit Staytime

F

1--

F

Earth orbit presents the most severe thermal environ-
ment that the vehicle experiences during the conjunction-
class Mars mission. The influence of Earth orbit staytime
is greatest, of course, on the Earth Departure Stage because
Earth orbit encompasses the total mission time of that stage.
For the interplanetary stages, the influence of Earth orbit
staytime is lessened because these stages spend only a
fraction of their total mission time in Earth orbit. The
effect of the Earth orbital storage period on the IMIEO for
the unshielded Mars vehicle is shown in Figures 4.1-2,
4.1-3, and 4.1-4 for the three Mars orbit altitudes inves-
tigated. Data are shown for both the vent mode and the
partial-recondensation mode. The independent variable is
the fraction of the maximum staytime since the absolute
staytime is not the same for the three stages of the vehicle.
Maximum values are 270 days for the Earth Departure Stage,
180 days for the Mars Braking Stage, and 90 days for the
Mars Departure Stage. Included in each figure is the IMIEO
of a vehicle with adiabatic tank walls; this IMIEG repre-
sents the lower limit on the initial mass.

In all cases, the IMIEO increases with staytime because
of a larger total propellant heat transfer to all stages.
however, the magnitude of the increase is greatly dependent
upon the insulation performance and the propellant storage
mode. With low-performance insulation, the influence of stay-
time is amplified because the heat transfer rate is increased.
For the low-altitude case (Fig. 4.1-2), the IMIEO increases
18.5% from 2.40 to 2.84 million lbm (1.09 to 1.2.9 million kg)
in the vent mode with the lowest-performance insulation
(highest kjO value): 15.3% of the increase occurs in the
Earth Departure Stage, 2.8% in the Mars Braking Stage and
0.4% in the Mars Departure Stage. This distribution between
stages is expected since the stage size and the ratio of
Earth orbit staytime to total mission time decrease with in-
creasing stage number. With the same insulation performance
but with the partial-recondensation storage mode, the per-
centage increase is reduced by roughly one-half to 9.3% and
the absolute IMIEO values are also reduced. Again, the bulk
of the increase, 7.6%, occurs in the Earth Departure Stage
mass.

At the intermediate kp value of 7.5 x 10- 5 Btu lbm/
hr-ft4 -OR (2.08x10 -3 W kg/m4 -OK), the influence of staytime
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is greatly reduced. The percentage increase in IMIEO over
the range of staytime for the vent mode is 5.6% or 108,700
lbm (49,300 kg). The Earth Departure Stage accounts for
80 9 800 lbm (36 0 650 kg) of the increase; the Mars Braking
Stage, 22,800 1bm (10 0 340 kg); and the Mars Departure Stage,
5100 lbm (2310 kg). The percentage increase is reduced to
3.2% for the partial-recondensation mode. A further im-
provement in insulation performance to the lowest kp value
investigated reduces the influence of staytime even further.

Similar trends can be noted for the higher altitudes
(Figs. 4.1-3 and 4.1-4) together with a general shift to
larger values of the IMIEO. The effects of Mars orbit
altitude will be discussed in Subsection 4.1.1.3.

The effect of reducing the propellant heat transfer by
deploying solar shields during Mars transfer and Mars orbit
should be to increase the influence of Earth orbit staytime,
since Earth orbit heat transfer is then a larger fraction
of the total. Figures 4.1-5, 4.1-6, and 4.1-7 present the
variation of the IMIEO with Earth orbit staytime for the
shielded vehicle for the three Mars orbit altitudes. A
comparison of the shielded and unshielded vehicles at a
given altitude for similar conditions shows that the in-
fluence of staytime as measured by the percentage increase
of IMIEO depends upon insulation performance. With low-
performance insulation, the percentage increase in IMIEO
is greater for the shielded case. At the intermediate and
low kp values, however, the percentage increase in IMIEO
is greater for the unshielded vehicle. The reason for the
change in trend involves the Mars Braking Stage propellant
storage mode. In the unshielded case, the vent pressure
is reached at the intermediate and low kp values for all
staytimes other than the minimum. In the shielded case,
the vent pressure is reached at the highest kp value, but
the mode is nonvent at all staytimes at the intermediate
and low cp values. This reduces the influence of stay-
time for that stage because the minimum tank design pressure
is not exceeded and the effect is carried through to the
entire vehicle.

For the 9203-n.mi (17,053 km) altitude, the IMIEO in-
creases 25.7% from 2.50 to 3.14 million lbm (1.13 to 1.42
million kg) for the nonvent mode at the high kp value. This
is an increase of 642,000 lbm (291,200 kg) of which 522,900
lbm (237,100 kg) occurs in the Earth Departure Stage. The
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mars Braking and Mars Departure Stages contribute 101,900 lbm
(46 2 210 kg) and 17,000 lbm (7710 kg) to the increase, re-
spectively. For the vent and partial-recondensation modes,
the corresponding percentage increases are 17.7 and 9.5%. As
the insulation performance improves, these percentage in-
creases drop rapidly to values less than 4%.

4.1.1.2 Insulation Thermal Performance

Results presented in the previous subsection show that
the insulation thermal performance has a strong influence
on the IMIEO of the Mars vehicle. The range of thermal
performance investigated here is large - approximately three
orders of magnitude as measured by the kp product. Common-
ly-quoted values for the best mu?tilayer insulation systems
.fall lust below the middle of,therange at a kp value of
approximately 7.5x10- 5 Btu lbm/hr -f_t 4 -oR (2.08x10 -3 W kg/
m4-OK). Sensitivity of the IMIEO to insulation performance
is shown in Figure 4.1-8 for the unshielded vehicle in the
vent mode at the low Mars orbit altitude. This is a severe
case from the thermal standpoint, and this fact is re-
flected in the IMIEO variation. For the maximum staytime,
the IMIEO increases 935,000 lbm (424,000 kg), or 49%, over
the range of insulation performance. It is especially
important to note that the bulk of the increase 42.5%,
occurs in the range of kp yalues above 7.5x10 - Btu lbm/
hr-ft4-OR (2.08x10-3 W kg/m4 -OK). For the minimum staytime
case, the variation is reduced, with the IMIEO ranging from
1.86 to 2.40 million lbm (0.84 to 1.09 million kg), a per-
centage increase of 29.0%. Again, the major portion of the
increase, 24.7%, occurs in the range above the intermediate
value. Figure 4.1-9 presents the IMIEO variation for the
partial-recondensation mode at the synchronous altitude.
The more effective thermal management system and the less
severe thermal environr-%ent for the Mars Departure Stage
reduce the influence of insulation performance. At the
maximum staytime, the IMIEO increases from 2.25 to 2.80
million lbm (1.02 to 1.27 million kg), a percentage in-
crease of 24.3%. The percentage increase is reduced further
at the minimum staytime to 15.2%.

The influence of insulation performance on IMIEO for
the shielded vehicle is shown in Figure 4.1-10 for the non-
vent storage mode. The IMIEO increases from 2.25 to 3.14
million lbm (1.02 to 1.42 million kg), or 39.7% for the
maximum staytime case. Even though the thermal environment
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is effectively reduced by the solar shields, the IMIEO varia-
tion is still very large as a result of the nonvent propellant
storage mode. At the minimum staytime, the percentage in-
crease is only 12.6%. The increased efficiency of the
partial-recondensation mode as compared to the nonvent mode
can be seen by comparing Figures 4.1-11 and 4.1-10. For the
partial-recondensation mode, the 1MIEO varies from 2.22 to
2.63 million lbm (1.01 to 1.19 million kg) over the range
of insulation performance. This is an increase of 18.5%
as compared to 39.7% for the nonvent mode. At the minimum
staytime, the increase is only 8.6% for the partial-
recondensation mode.

An interesting aspect of the effects of insulation
performance is the relationship between the total propellant
heat transfer and the penetration heat transfer. The
latter encompasses the energy transferred by conduction
through the tank support cone, the engine mount, the aft
skirt, and the piping. Since the penetration heat transfer
is independent of insulation performance, it can become the
dominant mode of heat transfer when high-performance insu-
lation is used on the tank wall. The ratio of penetration
to total heat transfer is presented as a function of insu-
lation thermal performance in Figure 4.1-12 for each of the
vehicle stages. Even with the lowest-performance insula-
tion, more than 30% of the heat transfer occurs through
penetrations under the conditions given in the figure.
With improved insulation performance, the percentage in-
creases. For the Mars Departure Stage at the lowest kp
value, 96% of the total heat transfer is due to penetration.

4.1.1.3 Mars Orbit Altitude

The Mars orbit altitude influences the Mars vehicle
from three different aspects. Most important of these is
the variation of the mass of the Mars Excursion Module
(MEM). As the altitude increases, the AV requirements for
both descent and ascent increase, yielding the large varia-
tion in mass shown in Figure 3.2-5. Thermal environment
variation ranks second in importance to the MEM mass varia-
tion. The planetary components of the incident thermal
radiation, planet emission and albedo, decrease as the
altitude increases while the solar component remains con-
stant. This lessening of the intensity of the thermal
environment results in reduced heat transfer to the Mars
Departure Stage. The third, and least important aspect,
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is the variation of the propulsive AV requirements for both
the Mars braking maneuver and the Mars departure maneuver.

The influence of the MEM mass variation on the total
vehicle IMIEO can be seen in Figure 4.1-13, where the zero-
mass-fraction IMIEO and stage masses are presented as a
function of altitude. These zero-mass-fraction data include
only the propellant, payload, engine, and interstage masses.
All propellant storage components (tanks, insulation, etc.)
and heat transfer effects are neglected. The effect of AV
variation for the Mars Braking and Mars Departure Stages is

n	 included. However, the increase of IMIEO with increasing
altitude shown in Figure 4.1-13 demonstrates the dominance
of the MEM mass, since the AV effects on both the Mars
Braking and Departure Stages would be to decrease the
IMIEO. The initial mass varies from 1.59 to 1.98 million
lbm (0.72 to 0.90 million kg), an increase of 390,000 lbm
(176,900 kg), while the MEM mass increase is only 128,000 lbm
(58,050 kg). The difference is the additional propellant

`	 required for the Earth Departure and Mars Braking Stages.
The propellant requirement for the Mart Departure Stage
follows the trend of the AV variation (Figure 6.2-1), de-
creasing initially at the low altitudes and then increasing
slightly at the higher altitudes.

Variation of the Mars vehicle IMIEO with altitude is
shown in Figure 4.1-14 for the vent mode. Note that the
generally increasing trend is similar to that of the zero-
mass-fraction vehicle. This trend is indicative of the
dominance of the MEM mass variation over heat transfer
effects. With low-performance insulation, the IMIEO rises
from 2.63 to 3.05 million 1bm (1.19 to 1.38 million kg), an

S
(	 increase of 15.8%. With the highest-performance insulation,

the initial mass increases by 21.5%, compared to 24.5% for
the zero-mass-fraction vehicle.

The effects of heat transfer, and propellant storage
requirements can be isolated by examining the difference
between the IMIEO for a given set of parameters and the
zero-mass-fraction vehicle IMIEO, This difference is the
propellant storage system penalty since it encompasses the

t	 propellant storage system compom nts for all of the stages
_	 as well as the additional propellant requirements resulting

from these items. This penalty is presented in Figure 4.1-15
as a percentage of the zero-mass-fraction IMIEO for the same

'	 conditions as in Figure 4.1-14. Also shown are the data for
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the adiabatic tank wall case. The effects of heat transfer
can be further isolated by comparing the propellant storage
penalty for the vent mode with that for the adiabatic case.
At the high kp value (low insulation performance), the
propellant storage system penalty decreases from 65.5% to
54.0% of the zero-mass-fraction IMIEO as the altitude in-
creases from 216 n.mi (400 'cm) to the synchronous altitude
of 9203 n.mi (17,053 km). Of this total penalty, approxi-
mately 9% would be incurred even if there were no heat
transfer; the difference is then attributable solely to
heat transfer. As the .insulation performance improves,
the propellant storage penalty is significantly reduced and
the effect of altitude is also reduced. With the highest
performance insulation studied, the propellant storage
system penalty decreases from 18.3% to 15.6% over the alti-
tude range. The decrease in storage penalty with altitude
is due mainly to the less-severe thermal environment for the
Mars Departure Stage at the higher altitudes. Increasing
propellant loadings on the Earth Departure and Mars Braking
Stages have some effect at the lower altitudes.

4.1.2 Influence of Propellant Storage Mode

From the data presented in Subsection 4.1.1, it is
evident that propellant storage mode becomes an increasingly
important factor as the propellant heat transfer increases.
In terms of the parameters investigated in this study, the
propellant heat transfer increases as a result of poorer
insulation thermal performance, a more severe thermal en-
vironment, or increased Earth orbit staytime. The discussion
in this subsection will be limited to the influence on the
Mars vehicle IMIEO as a unit. More detailed discussion of
the influence of storage mode will be presented in the sub-
sections devoted to the individual stages.

The influence of propellant storage mode reaches a
maximum for the condition of maximum Earth orbit staytime
and minimum Mars orbit altitude for the unshielded vehicle.
In Figure 4.1-16, the IMIEO for the vent and the partial-
recondensation storage modes is compared at these condi-
tions. The nonvent mode was not examined for these condi-
tions, as explained earlier in this section. With the
highest insulation performance, the difference in IMIEO
between the modes is 4.1%. All three stages benefit from
the partial-recondensation mode; the Mars Departure Stage
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shows the greatest benefit in terms of the percentage re-
duction in initial stage mass. As the insulation perform-
ance worsens, the IMIEO percentage difference rises to
22.3% at the .lowest insulation performance. This repre-
sents a mass difference of 519,000 lbm (235,400 kg). At
this condition, the Earth Departure Stage exhibits the
largest percentage change in stage size. Note that the
bulk of the change in IMIEO occurs in the tipper range of
kp v lees. At the intermediate value of 7.5x10 -5 Btu lbm/
hr.-ft4-oOR (2.08x].0 -3 W kg/m4 -oK), the percentage difference
in the IMIEO is 6.5%.

The only condition at which the nonvent mode was analyzed
for all three staves is the high-altitude, shielded-vehicle
case. Effect of propellant storage mode on the IMIEO at
this condition is shown in Figure 4.1-17 for all three
basic modes. Again, the insulation thermal performance is
a determining factor in the storage mode effect. With high-
performance insulation, the IMIEO difference between modes
is small, at the lowest kp value the percent difference is
1.3% between the nonvent and partial-^recondensation modes.
At the other extreme, the highest kp value, the difference
in IMIEO is 16.2% of the value for the nonvent mode. As
before, the bulk of the increase in percentage difference
occurs in the upper range of kp values.

Thermal environment influences propellant storage mode
effects to a small extent, as shown in Figure 4.1-18 where
the vehicle propellant storage penalty to IMIEO is presented
as a function of Mars orbit altitude. The decrease with
altitude is mainly due to the Mars Departure Stage; there
is little influence of altitude on propellant storage

s	 penalty for the Earth Departure and the Mars Braking Stages.
Note that the effect is more pronounced for the vent mode
than for the partial-recondensation mode. At the high kp
value, the penalty decreases from 65.5 to 54.1% over the
altitude range for the vent mode. For the partial-
recondensation mode, the penalty decreases from 40.4 to
36.2%. In addition, poorer insulation performance tends
to amplify the environmental effects. The IMIEO variation
for the same conditions is shown in Figure 4.1-19. Although
the propellant storage penalty decreases with increased
altitude, the IMIEO increases with altitude. This indicates
again the dominance of the Mars Excursion Module mass varia-
tion with altitude over the thermal environment variation.
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An increase in the length of the Earth orbital storage
period also tends to increase the influence of storage mode.
This is shown in Figure 4.1-7 for the shielded vehicle at
the synchronous altitude. At the highest insulation per-
formance, the IMIEO differences due to propellant storage
mote are small, ranging from 0.5 to 1.25% over the range of
staytimes. With the poorest insulation performance studied,
the difference between the nonvent and the partial-
recondensation modes increases from 4.0 to 19.3%.

4.1.3 Comparison of Shielded
and Unshielded Vehicles

The purpose of deploying an inflatable solar shield is
to reflect and reradiate a large portion of the radiant
energy that would otherwise be incident upon the vehicle.
This reduction of propellant heat transfer accomplishes mass
savings in the propellant storage system of the stages in-
volved and also in the propellant requirements of lower
stages. As long as these savings exceed the IMIEO increase
due to the solar shield system, the shield can be said to
be effective. There are two general avenues by which
thermal energy reaches the propellant. First, energy can
travel by a complex heat transfer process involving con-
duction and radiation through the multilayer insulation to
the tank wall and the propellant. Second, the energy can
be conducted to the tank wall and propellant along solid
conduction paths generally referred to as "penetrations."
The solar shield affects both modes of energy transfer since
it reduces the radiant energy incident upon the vehicle.

As used in this report, the term "shielded vehicle"
refers to a vehicle which utilizes inflatable solar shields
during the Mars transfer and the Mars orbit mission phases.
A separate shield is required for each of the mission
phases, since the shield cannot withstand the loads experi-
enced during the Mars braking maneuver. Reference to the
shielded vehicle also implies an orientation requirement
different from the unshielded vehicle. During Mars transfer
the vehicle longitudinal axis is oriented along the solar
vector with the shield deployed from the aft end of the
Mars Braking Stage (see Figure 3.2-3). This orientation is
maintained except for two hours of guidance-correction during
which a broadside orientation with full exposure to solar
radiation is assumed. For the Mars orbit period, the vehicle
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longitudinal axis is oriented along the solar vector with the
shield deployed from the aft end of the Mars Departure Stage
(see Figure 3.2-4).

e
In the unshielded case, the vehicle orientation is broad-

side to the sun during the entire Mars transfer period.
During Mars orbit, the longitudinal axis is oriented along
the velocity vector. In comparing the shielded and un-
shielded vehicles in this section, neither the shield system
mass nor any additional attitude control system mass have
been included in the shielded-vehicle mass data. Thus the
beneficial differences in IMIEO indicated here will be off-
set to an extent determined by the mass of the solar shield
system.

!y	 In this section, the shielded and unshielded vehicles
will be compared with respect to overall effects on the
Mars vehicle. Discussion of the effects on the Mars Braking

^.	 and Mars Departure Stages individually is presented in Sub-
sections 4.3 and 4.4, respectively. Performance criteria

+	 for the solar shield systems are discussed in Subsection 5.4.
1^.

The IMIEO of the shielded and unshielded vehicles is
(	 compared in Figures 4.1 . 20 and 4.1-21 for the vent and the

partial-recondensation storage modes, respectively. Shield-
ing yields significant reductions in IMIEO, especially with

x	 low-performance insulation. It also reduces slightly the
variation of IMIEO with altitude:., The actual differences
in IMIEO are tabulated in Tables 4.1-1 and 4.1-2 for the
vent and the partial recondensation modes, respectively.

li.
	 For the vent mode, the IMIEO difference at the high kp

value increases from 262,900 lbm (119,200 kg) to 346,200
1bm (157,000 kg), as the altitude increases. This increase
is due mainly to the increased effectiveness of the Mars
orbit shield in reducing the incident thermal radiation

l	 at the higher altitudes. At the lower altitudes, the
planet-emitted thermal radiation is the dominant component
of the incident radiation and the shield configuration is

1	 not effective in intercepting this component. As the alti-
tude increases, the intensity of this component decreases
and the direct solar component becomes dominant.

Although the'Earth Departure Stage is not shielded,
it furnishes the largest contribution to the IMIEO re-
duction, approximately 58%. The Mars Braking Stage accounts
for roughly 30% of the difference, with the remaining 12%
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Table 4.1-1 IMIEO DIFFERENCE BETWEEN THE SHIELDED
AND UNSHIELDED VEHICLES: VENT MODE

Rg)

Btu lbm 
((
WWk

kp ' hr-ft4-°R\m4-°K)

Mars Orbit Altitude
216 n.mi 3238 n.mi 9203 n.mi
(400 km) (6000 km) (17,053 km)

1.5x10-3 (4.16x10" 2) 262,900 295,800 3469200
(119 9 200) (134 0 100) (1579000)

7.5x10"5 (2.08x10"3) 753,440 839960 94,220
(34,210) (389080) (423,730)

5.0xl0-6 (1.39xl0"4) 42,210 49,140 613,980
(19,140) (222290) (289110)

Table 4.1-2 IMIEO DIFFERENCE BETWEEN THE SHIELDED
AND UNSHIELDED VEHICLES: PARTIAL
RECONDENSATION MODE

lbm
(kg),

Btu lbm	 W kg
k p	 (

hr-ft4-°R \m4-°K

Mars Orbit Altitude
216 n.mi
(400 km)

3238 n.mi
(6000 km)

9203 n.mi
(17,053 km)

1.5x10" 3 (4.16x10" 2) 116,300 1379400 165,900
(52 0 730) (629330) (75,240)

7.5x10-5 (2.08x10"3) 36,490 433,000 493,560
(16,550) (19,490) (22,480)

5.0x10 -6 (1.39x10 -4) 203,440 233,560 29,130
(9270) (10,680) (139210)
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from the Mars Departure Stage. These percentages change
only slightly with altitude. With higher-performance
insulation, the difference in IMIEO drops substantially.
At the intermediate kp value, the IMIEO difference varies
from 75,430 lbm (34,200 kg) to 94 3,200 lbm (42,700 kg) over
the range of altitude. The percentage contributions to the
IMIEO difference also change with insulation performance.
The Earth Departure Stage now accounts for 49% of the IMIEO
difference; the Mars Braking Stage, 29%; and the Mars
Departure Stage, 22%. A further improvement in insulation
performance reduces the IMIEO difference even further; the
range of values is then 42,200 to 62,000 lbm (19,140 to
28,120 kg). The Earth Departure Stage percentage contri-
bution remains at 49%, while the Mars Braking Stage now
accounts for only 20%, and the Mars Departure Stage contri-
bution is roughly 30%. Note that as the insulation per-
formance improves, the contribution of the Mars Departure
Stage to the IMIEO difference between the unshielded and
shielded vehicle increases. This is due to the long mission
time of the Mars Departure Stage and the resulting high
penetration heat transfer which is independent of insulation
performance. The shields' effectiveness in reducing the
penetration heat transfer becomes more noticeable as the
insulation performance improves.

Influence of the solar shields on penetration heat
transfer is presented in Figure 4.1-22. These values are
total values (on a per-tank basis) and include the penetra-
tion heat transfer during Earth orbit where shields are not
utilized. In the Mars Braking Stage case, the penetration

s	heat transfer is reduced 41.5% by the shield and Mars orbit
altitude has no effect on this quantity. For the Mars
Departure Stage, however, orbit altitude plays a significant
role. At the 216-n.mi altitude, the percentage reduction
is 25.6%. As the altitude increases, the penetration heat
transfer decreases, reflecting reductions in the amounts of
planetary-emitted and albedo radiation incident upon the
vehicle. The effectiveness of the shield also increases
with increasing altitude, resulting in larger percentage
reductions in penetration heat transfer at the higher
altitudes. At the 3238-n.mi altitude, the reduction is
43.3%, while the reduction at the synchronous altitude is
57.7%. All of these values are based on the maximum Earth
orbit staytime. The percentage reductions would be even
higher at shorter staytimes.
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4.2 EARTH DEPARTURE STAGE
PROPELLANT STORAGE PENALTY

In this and the following two subsections, the dis-
cussion shifts from the total Mars vehicle to the individual
stages; the discussion in this subsection is focused on the
Earth Departure Stage. The effect of the various parameters
and storage modes on the propellant storage penalty and the
vehicle IMIEO is examined with respect to optimized pro-
pellant storage systems for the first or Earth Departure
Stage. To isolate the effects of the Earth Departure Stage
and still obtain IMIEO data, the Mars Braking and Departure
Stages are treated in terms of nominal, constant mass
fractions. Since variations in the Earth Departure Stage
have no influence on the upper stages, the component masses
of these stages actually remain constant through all of the
parameter variations, with the exception of Mars orbit
altitude. The effect of altitude on the Earth Departure Stage
manifests itself only through the upper stages and the Mars
Excursion Module; the AV requirements and the thermal en-
vironment of the Earth Departure Stage are independent of
Mars orbit altitude. Thus, with respect to the first
stage, altitude acts only to change the payload.

The propellant storage system of the Earth Departure
Stage differs in one respect from that of the other stages
in that an interplanetary meteoroid shield is not required.
The mission of the Earth Departure Stage is of course
limited to Earth orbit and the meteoroid protection require-
ments are met by the combination of the ascent shell and
the tank wall. The ascent shell was not included in the
optimization analysis since it would have little effect on
the optimum insulation thickness. Therefore, the numerical
results for the Earth Departure Stage presented in Volume 3
indicate a meteoroid protection mass of zero.

Propellant storage penalties in this subsection are re- 	 J.
ferenced to a vehicle with a zero-mass-fraction Earth
Departure Stage. The Mars Braking and the Mars Departure
Stages of the reference vehicle are defined in terms of the
same nominal mass fractions used to obtain the parametric
data. The IMIEO variation with Mars orbit altitude for
this vehicle is shown in Figure 4.2-1 as the curve labeled
EDS. Also shown in the figure are the IMIEO variations for
the cases where the Mars Braking Stage (MBS) and the Mars
Departure Stage (MDS) are defined with a propellant storage
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mass fraction of zero. In each case, the remaining two
stages are defined with nominal mass fractions. The re-
maining curve in Figure 4.2-1 is the IMIEO variation when
all stages are defined with zero mass fractions. This
curve is identical to the IMIEO variation shown in Figure
4.1-13.

4.2.1 Sensitivity to Parameters

4.2.1.1 Earth Orbit Staytime

The propellant storage system of the Earth Departure
Stage is more sensitive to Earth orbit staytime variations
than that of any of the three stages. This is to be ex-
pected since the propellant heating history of this stage
is limited to the Earth orbit mission phase. Propellant
storage penalty to IMIEO for the Earth Departure Stage is
presented in Figure 4.2-2 as a function of staytime for
the 216-n.mi (400 km) Mars orbit altitude. The influence
of staytime is seen to be strongly dependent upon the
insulation performance and the propellant storage mode.
With the highest performance insulation, the penalty ranges
from 5.5 to 6.1% for the nonvent mode as the staytime in-
creases from 90 to 270 days. This represents an increase of
11.4% attributable to an extended staytime. However, the
curve for the adiabatic tank wall case indicates that a
5.1% penalty would be incurred regardless of staytime; this
penalty represents the tank mass necessary to contain the
propellant and the pressurant mass required to maintain a
5-psig (3.45 N/cm2) net positive suction pressure during
engine operation.

At the intermediate kp value, the penalty for the non-
vent mode rises from 6.0 to 9.3 percent, an increase of
54.5 percent. With this insulation performance, the vent
and the partial-recondensation modes become definable at
the longer staytimes and yield some reduction in penalty.

With the lowest performance insulation, the effect of
staytime is greatly amplified; the penalty for the nonvent
mode increases 143% from 12.6 to 30.6% over the range of
staytime. Propellant storage mode also becomes an important
factor at this condition. For the 270-day staytime, the
penalty to IMIEO varies from 18.4% for the partial-reconden-

^'	 sation mode to 26.2% for the vent mode and 30.6% for the
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nonvent mode. Again, a 5.1% penalty would be incurred in-
dependent of staytime for the adiabatic case. The difference
between this penalty and the values quoted above is then
directly attributable to propellant heat transfer. Similar
data are shown in Figures 4.2-3 and 4.2-4 for the Earth
Departure Stage at the 3238-n.mi (6000 km) and 9203-n.mi
(17,053 km) Mars orbital altitudes, respectively. The
general trends with staytime are seen to be the same as in
the low-altitude case. The effect of altitude will be dis-
cussed further in Subsection 4.2.1.3.

4.2.1.2 Insulation Thermal Performance

It was seen above that the insulation thermal per-
formance strongly affects the propellant storage system
penalty to IMIEO. This effect is shown more directly in
Figure 4.2-5, where the propellant storage penalty is
plotted as a function of insulation thermal performance for
the nonvent mode. For the 90-day staytime, the penalty in-
creases 121% over the range of insulation performance inves-
tigated. At the 270-day staytime, the percentage increase
is more than three times the 90-day staytime value, reaching
382%. Note that the propellant storage penalty increases
faster as the kp value rises. Of the 382% increase in
penalty at the 270-day staytime, only 42% occurs below the
intermediate kp value that is representative of the highest
currently quoted multilayer insulation performance. This
same trend is noticeable at the shorter staytimes.

The propellant storage penalty for the adiabatic tank
wall condition, which represents the lower limit, is also
shown in Figure 4.2-5. At the lower kp values, this limit
is closely approached, especially at the shorter staytimes.
The figure also demonstrates that the Earth orbit staytime
plays a strong role in determining the required insulation
performance. For example, assuming an 8% propellant storage
penalty is tolerable, the required insulationerformance
ranges from5.8xl0 -5 to 3.3x10°4 Btu lbm/hr-ft4-oOR (1.6x10 -3
to 9.15x10 

3 
W kg/m4-OK), depending upon the staytime. This

can also be interpreted as a safety factor for the low-
staytime case in that degradation of the insulation per-
formance by a factor of 6 can be absorbed within the same
8% penalty.

Similar trends were found for the vent and partial-
recondensation modes. The effect of propellant mode will
be discussed in Subsection 4.2.2.
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4.2.1.3 Mars Orbit Altitude

As mentioned earlier, Mars orbit altitude affects the
Earth Departure Stage only through the upper stages and the
vehicle payload. The propellant storage penalty to IMIEO is
shown in Figure 4.2-6 as a function of the altitude for the
90-day staytime. At the low and intermediate kp values, the
penalty increases slightly with altitude. Under these condi-
tions, the minimum tank design pressure of 19.7 psia is not
exceeded and the increased penalty is due to a larger pro-
pellant loading at the higher altitudes. With low-performance
insulation, the trend is reversed. In the nonvent mode, the
minimum pressure is exceeded at the low altitudes and the
tank mass fraction is therefore higher. As the altitude in-
creases, the propellant loading increases, reducing the heat
transfer per pound of propellant-, and the tank pressure falls
below the minimum design value. In the vent and the partial-
recondensation modes, the variation in propellant loading
affects the boiloff mass fraction, which decreases as the
altitude increases, leading to a general decrease in pro-
pellant storage penalty.

With increased staytime, the total propellant heat
transfer rises, causing some changes in the trends with
the altitude. Figure 4.2-7 presents the propellant storage
penalty as a function of altitude for the maximum staytime
of 270 days. Note that the penalty now decreases or remains
constant at all kp values. The tank pressure exceeds the
minimum design value at all conditions with the exception of
the low-kp -value, high-altitude combination where it is
only slightly lower. In addition, the larger heat transfer
results in the vent and the partial-recondensation modes
being defined at the intermediate kp value. At the high
kp value, the difference in penalty between storage modes
is much increased.

The propellant storage penalties presented in Figures
4.2-6 and 4.2-7 show that the effect of Mars orbit altitude
upon the propellant storage penalty of the Earth Departure
Stage is relatively minor. Under some conditions the penalty
rises slightly, while in other cases it decreases slightly.
This is not to say that the total vehicle IMIEO follows the
same trend. In fact, the IMIEO increases as the altitude
increases in all cases, as shown in Figure 4.2-8 for the
270-day staytime. The trend is, of course, similar at the
shorter staytime. The upward trend indicates that the Mars
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Excursion Module is the dominant factor in the altitude
variation.

4.2.2 Influence of Propellant
Storage Mode

The influence of propellant storage mode on the storage
penalty is dependent upon the heat transfer to the propellant.
As shown in Subsection 4.2.1.1, the differences in propellant
storage penalty between modes grows larger as the insulation
performance worsens and the staytime lengthens. Propellant
storage penalties for the three basic storage modes are com-
pared in Figure 4.2-9. The low-altitude, maximum-staytime
condition is the worst case thermally, resulting in the
maximum differences between modes. Only in the range of
kp values above the intermediate value does the effect of
storage mode become significant. At the intermediate kp
value, the penalty ranges from 8.0% for the partial-recon-
densation mode to 9.3% for the nonvent mode. At the highest
kp value, the penalty ranges from 18.4% for the partial-
recondensation mode to 26.2% for the vent mode and 30.6%
for the nonvent mode.

At the higher altitudes, the differences between modes
decrease. The vent and the partial -recondensation modes
cannot be defined for the low kp value and only at the
maximum staytime for the intermediate kp value. Increased
propellant loadings provide a larger heat sink so that the
vent pressure is not reached at the above conditions.

In comparing the propellant storage penalties for the
basic storage modes, it is of interest to examine the con-
tributions of the individual components of the propellant
storage system. For the Earth Departure Stage, this system
comprises the tank (including related structural mass that
is proportional to tank mass), the insulation, the pressurant,
and the propellant boiloff (vent and partial-recondensation
modes only). The relation of the various component masses to
the total propellant storage system mass is presented in
Figures 4.2-10, 4.2-11, and 4.2-12 for the nonvent, vent,
and partial-recondensation modes, respectively. The data
are presented in the mass-fraction form, the particular
component mass divided by the propellant loading. Since all
tanks of a particular stage are identical, these mass fractions
apply on either a stage basis or a tank basis. For the non
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vent mode (Fig. 4.2-10), the tank mass is the largest com-
ponent mass over most of the range of kp values. Insulation
mass fraction is small at low kp values, but increases
rapidly and exceeds the tank mass fraction at the highest
kp value. The pressurant mass fraction is of the same order
as the insulation mass fraction at low kp values and rises
slowly as the kp value increases.

Tank mass is also the dominant component mass at low
kp values in the vent mode (Fig. 4.2-11) and the tank
mass fraction remains approximately constant over the entire

(	 range of insulation performance. The insulation and boil-
off fractions are small at the low kp values, rise rapidly
as the kp value increases, and exceed the tank mass frac-
tion at the highest kp value. The insulation mass frac-
tion exceeds the boiloff mass fraction except at the higher
kp values. The pressurant mass fraction is small and re-
mains approximately constant. In the partial-recondensation
mode (Fig. 4.2-12), the relationship between the component
masses is similar to that of vent mode. However, the cross-
over point where the boiloff fraction begins to exceed the

Y	 insulation mass fraction occurs at a lower value of the kp
product.

The tanking and combination propellant storage modes
were not considered to be applicable to the Earth Departure
Stage. In the tanking mode, the optimum insulation thick-
ness cannot be defined since there is no heating period
beyond Earth orbit upon which to base the optimization.
Perhaps the optimum solution would be to launch dry tanks
with very little insulation and provide the total propellant
loading from an orbital tanker just prior to Earth departure.
However, this is not considered to be feasible with pressure-
stabilized tanks at present. The combination mode with
respect to the Earth Departure Stage is functionally identi-
cal to the vent mode since the mission is limited to Earth
orbit. However, as in the tanking mode case, the optimum
insulation thickness cannot be defined.

19
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4.3 MARS BRAKING STAGE
PROPELLANT STORAGE PENALTY

Effects of the basic parameters and the propellant
storage modes on the stage propellant storage penalty and
on the vehicle IMIEO are examined with respect to optimized
propellant storage systems. In addition, the effect of
utilizing a solar shield during the Mars transfer period is
also presented. Nominal mass fractions are employed to de-
fine the Earth Departure and the Mars Departure Stages in
order to obtain the vehicle IMIEO. With this approach, the
mass of the Mars Departure Stage remains constant with re-
spect to all parameters save Mars orbit altitude since this
stage is not affected by variations in the Braking Stage.
The Earth Departure Stage mass will reflect changes in the
Braking Stage because it must accelerate the Braking Stage
through the Earth Departure maneuver and the propellant
requirements will vary accordingly. However, the mass
fractions are held constant in order to isolate the effects
of variations in the Braking Stage.

The results presented in this section are given on a
per-tank basis where appropriate; IMIEO data reflect the
fact that the Braking Stage comprises two modules. Pro-
pellant storage penalties are referenced to a vehicle with
a Mars Braking; Stage propellant-storage-system mass fraction
of zero. The IMIEO variation with altitude of this vehicle
is shown in Figure 4.2-1 as the curve labelled MBS.

4.3.1 Sensitivity to Parameters

4.3.1.1 Earth Orbit Staytime

Since the Mars Braking Stage mission, history includes
a 210-day Mars transfer phase in addition to the Earth orbit
period, it is expected that Earth orbit staytime would have
less influence on the propellant storage penalty than it
does on the Earth Departure Stage. In general, this expected
result is found to be the case, as shown in Figure 4.3-1,
where the propellant storage penalty for the unshielded Mars
Braking Stage at the 216-n.mi (400 km) altitude is presented
(compare with Earth Departure Stage data of Figure 4.2-2).
For example, at the high kp value, the propellant storage
penalty in the nonvent mode increases 55.3% over the range
of staytime for the Braking Stage. The corresponding
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percentage increase for the Earth Departure Stage is 143.7%.
A similar relationship is found for the vent and the partial-
recondensati.on storage modes. However, at the lowest kp
value, the relationship is reversed for the nonvent mode -
the percentage increase with staytime is greater for the
Braking Stage. The reversal occurs because the tank pressure
in the Earth Departure Stage case remains below the minimum
tank design pressure, even at the maximum staytime. Nonce
also from the comparison that the magnitude of the propellant
storage penalty is generally lower for the Braking Stage as
compared to the Earth Departure Stage. This is to be ex-
pected since the Braking Stage is smaller than the Earth
Departure Stage.

Again, the insulation performance is a dominant factor
in determining the magnitude of the propellant storage
penalty. The penalty ranges from 10% to 24% at the high kp
value, depending upon the storage mode and the staytime.
For the intermediate kp value, both the magnitude of the
penalty and the range is reduced to the 5-8% interval. With

 a further improvement in insulation performance, the penalty
is reduced somewhat further, ranging from 3.8 to 5.5%. How-
ever, it is interesting to note that a 3.3% penalty would be
incurred even under the ideal condition of an adiabatic wall.
Thus, the minimum penalty can be approached with presently
quoted values of multilayer insulation performance.

is
For the shielded stage, the reduction in heat transfer

during the Mars transfer phase results in a correspondingly
greater influence of the Earth orbit heat transfer and,
thus, of Earth orbit staytime. This is shown in the.data
presented in Figure 4.3-2 for the low Mars orbit altitude.
Note the similarity to the Earth Departure Stage data at all
kp values; the only difference is in the magnitude of the
propellant storage penalty. At the high kp value, the per-
centage increase in penalty ranges from 47.0% for the partial-
recondensation mode to 119% for the nonvent mode. With im-
proved insulation performance, the percentage incease with
staytime is reduced; at the low kp value, the increase is

^.	 only 6.9% for the nonvent mode while the vent and parti.al-
recondensation modes are undefined. As in the unshielded
case, a 3.3% penalty would be incurred under the ideal
adiabatic condition.

It is noted that in some cases data have not been in-
clud,-1 for the vent mode and the partial-recondensation mode,
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particularly at the lowest value of the kp product. This is
because the optimum system does not reach the vent pressure,
so that the results are identical to those for the nonvent
mode.

Figures 4.3-3 through 4.3-6 show the propellant storage
penalties for vehicles with optimized propellant storage
systems on the Mars Braking Stage at the 3238-n.mi (6000 km)
and 9203-n.mi (17,053 km) altitudes, including both unshielded
and shielded stages. The effect of the Mars orbit altitude
on the propellant storage system of the Mars Braking Stage
is discussed in Subsection 4.3.1.3; it is significant to
note here that the general trends with Earth orbit staytime
are similar at all altitudes.

Two methods of reducing the thermal effects of Earth
orbit staytime, or of extending the time which may be spent
in Earth orbit, are to use tanking or the combination vent-
nonvent mode. These methods are compared to the basic pro-
pellant storage modes in Figure 4.3-7 in terms of propellant
storage penalty. Tanking is feasible only at the high kp
value and completely removes the effect of Earth orbit stay-
time since increased boiloff is replenished during the tank-
ing operation. Note that the maximum staytimes are well
beyond the range treated in this study. However, these
maximum staytimes correspond to replenishing the total
propellant loading or, in other words, the tanks becoming
empty. Whether or not this is practicable for a membrane-
type tank has yet to be established.

For the combination vent-nonvent mode, the penalty
increases with staytime since the excess propellant loading
which is boiled off during Earth orbit represents a direct
penalty to the IMIEO. However, the variation of storage
penalty with staytime is much reduced as compared to the
nonvent mode. Note that the maximum staytimes are much
lower than in the tanking mode, even at the intermediate
kp value. Further discussion of these storage modes is
given in Subsection 4.3.2.

4.3.1.2 Insulation Thermal Performance

As shown in the previous subsection, the thermal per-
formance of the insulation has a dominant effect on the
propellant storage system penalty. The penalty for the un-
shielded Mars Braking Stage is shown directly as a function
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of insulation thermal performance in Figure 4.3-8. For the
120-day staytime, the penalty to IMIEO increases 345% over
the range of insulation performance (from 4.2 to 18.7%).
Note that the bulk of the increase occurs in the upper range
of the kp product. Between the low and intermediate kp
values, the penalty increases 45%; the remaining 300% of the
total increase takes place above the intermediate value. As
shown in the figure, the trends are similar at the other
staytimes. Also shown is the propellant storage penalty for
a Braking Stage with adiabatic tank walls. The difference
in penalty between the nonvent mode and the adiabatic case
illustrates the impact of heat transfer on the IMIEO. At
the low staytime and low kp value, the curves flatten out,
but the adiabatic limit is not reached because of the pene-
tration heat transfer that is independent of insulation
performance.

{	 When the solar shield is used to intercept the incident
Z'	 radiation, the demands on the insulation system are reduced

and the effect of insulation performance on the propellant
storage system penalty is lessened. Figure 4.3-9 presents
the penalty for the shielded Braking Stage for the same
conditions as shown in Figure 4.3-8. For the 120-day stay-
time, the mass penalty increases from 3.9% to 10.5% of the

t	 zero-mass-fraction-vehicle IMIEO, a percentage increase of
167% (compared to a 345% increase in the unshielded case).

{{	 Again, the bulk of the increase, 156%, occurs above the
intermediate kp value. Also, the penalty tends Moser to
the adiabatic limit at the low kp value, which indicates

e"	 the effectiveness of the solar shield in reducing the pene-
tration heat transfer.

4.3.1.3 Mars Orbit Altitude

Mars orbit altitude affects the Mars Braking Stage
propellant stora^,e system through the Mars Excursion Module
(MEN) mass, the AV requirement for the braking maneuver,
and the mass of the Mars Departure Stage. The MEM mass is
the dominant factor, increasing 70% as the altitude increases,
while the velocity requirement increases by only 8%. The
nominal Mars Departure Stage mass used in this analysis varies
by only 5.3% over the altitude range. The influence of
altitude, neglecting thermal effects, on the Braking Stage
mass can be seen in Figure 4.2-1, where the zero-mass-fraction
data is presented as a function of Mars orbit altitude. The
Braking Stage initial mass increases from 485,000 lbm
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(220,000 kg) to 703,600 lbm (319,000 kg), an increase of 45%
over the range of altitude.

The propellant storage penalty to IMIEO for the shielded
Mars Braking Stage is presented in Figure 4.3-10 as a function
of Mars orbit altitude. In discussing this figure, it is
important to note that the zero-mass-fraction IMIEO varies
with altitude, as shown in Figure 4.2-1. The dominant
effect of altitude is that of stage size increasing with
altitude. This produces a steady increase in the propellant
storage penalty to IMIEO, amounting to a 15.9% increase at
the low kp value (nonvent mode) and a somewhat lower per-
centage increase for the other cases. The combination of
the high kp value and the nonvent mode shows a slight de-
creasing trend at lower altitudes. This is caused by the
lower propellant loading and higher heat transfer per pound
of propellant, which results in a higher tank mass fraction.
Note that this does not mean that the value of IMIEO is
lower at an intermediate altitude, but that the difference
in the IMIEO with respect to the vehicle with a. zero-mass-
fraction Mars Braking Stage is less at that altitude. The
IMIEO is still dominated by the MEM mass and increases with
altitude, as shown in Figure 4.3-11. Significantly, for a
vehicle with a shielded Mars Braking S age at kp values
of 1.5x10 -3 and 5.0x10 -6 Btu lbm/hr-ft - OR (4.16x10 -2 and
1.39x1O -4 W kg/m4 -OK) the increases in the value of IMIEO
for the nonvent mode are 447,900 lbm (203,200 kg) or 22.3%
and 426,000 lbm (193,200 kg) or 22.6%, respectively. With
the zero-mass-fraction Mars Braking Stage, the increase is
398,000 lbm (180,600 kg) or 21.9% (Fig. 4.2-1). Thus, the
results give percent changes of IMIEO with altitude that
are within 0.7% of those for the zero-mass-fraction case,
clearly showing that the MEM mass influences the shielded
Mars Braking Stage more strongly than any of the other
aspects of Mars orbit altitude.

The case with the unshielded Mars Braking Stage yields
different trends because of the greater heat transfer. The
propellant storage penalty curves for a vehicle with an
optimized propellant storage system on an unshielded Mars
Braking Stage are presented in Figure 4.3-12. In this case,
a minimum occurs in most of the curves because of the more
severe thermal conditions. For the nonvent mode, the reason
for the minima is the same as in the shielded case: the
smaller propellant loadings at the lower altitude result in
a relatively higher penalty due to larger tank and insulation
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mass fractions. At the higher altitudes, the effect of in-
`	 creasing stage size dominates. For the vent and partial-

recondensation modes, the higher penalty at the lower
altitudes is due to higher boiloff fractions.

As before, the IMIEO increases monotonically with alti-
tude, as shown in Figure 4.3-13, reflecting the dominance of
the MEM mass variation with altitude. The increases in IMIEO
between the 216-n.mi (400 km) and the 9203-n.mi (17,053 km)
Mars orbit altitude for the none mode at kp values of
1.5x10 and 5x10 Btu lbm/hr-ft

t 
oR are 468,600 lbm

(212,500 kg) or 21.6% and 419,900 lbm (190,500 kg) or 22.1%,
h	 respectively. Thus, although the increased heat transfer

translates the entire curve, the shape of the curve is
determined almost entirely by the increase of the MEM mass

r	 with altitude.

4.3.2 Influence of Propellant

t. Storage Mode

t'

	

	 The effect of propellant storage mode on the Mars Brak-
ing Stage propellant storage penalty is strongly dependent
upon the insulation thermal performance and whether or not
the solar shield is used during Mars transfer. Figure 4.3-14
presents a comparison of the propellant storage penalties
for the basic storage modes for the maximum-staytime, low-
altitude condition. The vent and partial-recondensation

-	 modes offer a lower penalty at all values of the insulation
performance, with the differences between modes increasing
as the kp value increases. At the lowest kp value, the
propellant storage penalty varies from 5.5% for the nonvent
mode to 5.2% for the vent mode and 4.6% for the partial-
recondensation mode. At the highest kp value, the corres-
ponding penalties are 23.7%, 18.8%, and 12.5%. In terms of
the initial mass, the vent mode yields a 89,400 lbm(40,500
kg) reduction in the IMIEO at the high kp value. The
partial -recondensation mode yields an even greater reduction,
amounting to 202,900 lbm (92,000 kg). The penalties at the
higher altitudes are little changed from the values shown in
the figure. Shorter staytimes reduce the differences between
modes, and at the lower kp values the vent and partial-
recondensation modes may not be definable. These effects of

r°
staytime were pointed out in Subsection 4.3.1.1.
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For the shielded stage, the effect of storage mode on
the propellant storage penalty is shown in Figure 4.3-15 for
the maximum staytime and the 216-n.mi (400 km) altitude. In
this case, differences in the storage penalty between the
modes become meaningful only when the kp value is above the
intermediate value. Note that the propellant storage penal-
ties are reduced significantly relative to the unshielded
stage, especially with low-performance insulation. At the
highest kp value, the penalty ranges from 8.7% for the
partial-recondensation mode to 11.5% for the vent mode and
14.5% for the nonvent mode. Compared to the unshielded case,
these penalties are reduced over 30%. Near the lowest kp
value, the heat transfer is reduced to such an extent that
the vent pressure is not reached during the mission, and
storage penalties for the vent and the partial-recondensation
modes cannot be defined. Note also that the lower limit on
the storage penalty, corresponding to the adiabatic tank
wall, is more closely approached in the shielded case. This
indicates a reduction in the penetration heat transfer in
the shielded case.

The relationship between the components of the propel-
lant storage system for the unshielded stage is shown in
Figures 4.3-16, 4.3-17, and 4.3-18 for the nonvent, vent,
and partial-recondensation modes, respectively. For the
nonvent mode (Figure 4.3-16), the tank mass is the largest
contributor to the propellant storage system mass over most
of the range of insulation performance, with the tank mass
fraction ranging from 0.083 to 0.188. The insulation mass
fraction is small at low kp values, rises rapidly with in-
creasing kp value, and finally exceeds the tank mass fraction
near the highest kp value. Pressurant mass fraction is
low, ranging from 0.0034 to 0.068. The meteoroid protection
mass fraction shows the least variation with insulation per-
formance, varying from 0.0183 to 0.0204. Note that the
general relationship between components is similar to that
of the Earth Departure Stage (Figure 4.2-10).

In the vent mode (Figure 4.3-17), the tank is again the
dominant component except at the higher kp values. The tank
mass fraction remains fairly constant at approximately 0.075
over the range of insulation performance. Both the boiloff
and the insulation mass fractions are in the vicinity of
0.01 at the lowest kp value and increase rapidly to values
of 0.170 and 0.118, respectively, at the highest kp value,
exceeding the tank mass fraction. The meteoroid and the
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pressurant mass fractious remain fairly constant, with values
of 0.0183 and 0.0031, respectively. Compared to the Earth
Departure Stage (Figure 4.2-11), the general trends are the
same with the exception that the boiloff mass fraction now
exceeds the insulation mass fraction across the entire range
of insulation performance.

The component mass fractions for the partial-recondensa-
tion mode (Figure 4.3-18) show trends similar to the vent
mode. In fact, the tank, meteoroid protection, and pressurant
mass fractions have about the same values as in the vent mode.
The boiloff and the insulation mass fractions are reduced at
all kp values, with the boiloff mass fraction always exceed-
ing the insulation mass fraction. Compared to the Earth
Departure Stage (Fig. 4.2-12), the trends are similar with
the exception that the boiloff mass fraction exceeds the
insulation mass fraction at all kp values.

The effect of the solar shield on the propellant storage
system component mass fractions can be seen by comparing
Figure 4.3-19, the shielded, nonvent case, with Figure
4.3-16, the corresponding unshielded case. System effective
mass fraction is sigificantly reduced, over 30% at the higher
kp values. The tan1 M the pressurant mass fractions are
reduced in the shielded case, reflecting lower tank pressures
at all kp values. Insulation mass fraction is much lower
and is less than the tank mass fraction over the entire range
of kp values. The meteoroid protection fraction is only
slightly reduced in the shielded case.

In addition to the basic propellant storage modes, it
is also possible, for some conditions, to employ a combina-
tion vent-nonvent mode or the tanking mode variation of the
vent and the partial-recondensation modes. These techniques
have been mentioned in Subsection 4.3.1.1 in connection with
the possibility of mitigating the effects of Earth orbit
staytime or extending the permissible length of the Earth
orbit mission phase. The propellant storage system penalty
for the combination vent-nonvent mode is shown in Figure
4.3-20 for the unshielded Mars Braking Stage. The range of
Earth orbit staytime for this mode is marked by defined maxi-
mum and minimum values as explained in Subsection 3.3. At
the high kp value, the maximum reduction in storage penalty
is 23% for a maximum staytime of just over 180 days. The
percent reduction at the intermediate kp value and the
180-day staytime is down to 5.4%. However, if the maximum
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staytime is Increased to 235 days, the percentage savings at
that staytime would of course be larger. The combination
mode is not defined at the low kp value since the vent
pressure is not reached during Earth orbit.

The effect of the tanking operation is to increase the
permissible length of the Earth orbit staytime without in-
creasing the propellant storage penalty since the propellant
boiled off in Earth orbit is replenished from an orbital
tanker before engine ignition. The permissible length of
Earth orbit staytime is also extended, as compared to the
combination mode, since theoretically the entire propellant
loading can be boiled off in Earth orbit. The propellant
storage penalty to IMIEO is shown in Figure 4.3-21 for the
tanking mode for both the vent and the partial-recondensation
cases at the high kp value. The reductions in penalty at
the 180-day staytime are 24% for the vent mode and 20.9% for
the partial-recondensation mode. Maximum staytimes corres-
ponding to total propellant boiloff are 885 days and 1441
days for the vent and the partial-recondensation modes,
respectively.

Neither the combination mode nor the tanking variation
of the vent and the partial-recondensation modes is applic-
able to the shielded Braking Stage. The solar shield re-
duces the heat transfer during Mars transfer to such an
extent that the expansion volume is minimal for the combina-
tion mode. In addition, the reduced heat transfer would
result in small optimum insulation thicknesses. Consequent-
ly, in both the combination and tanking modes, the propellant
loading would be boiled off early in Earth orbit.

4.3.3 Comparison of Shielded
and Unshielded Stages

The Mars transfer solar shield accomplishes a large
reduction in the severity of the thermal environment en-
countered by the Mars Braking Stage, as shown in Figure
4.3-22, where the integral of adiabatic wall temperature over
time is presented. This reduction is, of course, most im-
portant with low-performance insulation. The effect of the
solar shield on the propellant storage penalty is presented
in Figure 4.3-23, where the penalties for the shielded and
unshielded stages are compared for the nonvent mode. With
low-performance insulation, the rate of increase in penalty
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with staytime is approximately the same for both the shielded
and the unshielded stage. 	 Consequently, the percentage re-
duction in penalty of the shielded over the unshielded case
decreases from 54.7% to 38.5% over the range of staytime.
As the insulation performance improves, the effect of the
shield is reduced. 	 At the intermediate and low kp	 values,
for a 180-day staytime, the percentage reductions in penalty
are 33.1% and 17.6%, respectively.

A comparison of the propellant heat transfer in the
shielded and unshielded cases is presented in Figure 4.3-24
for the same conditions.	 Note that the solar shield leads
to a reduced total heat transfer. 	 However, the heat transfer
during Earth orbit is higher since the optimum insulation

fln ' thickness is lower in the shielded case.

The effect of the solar shield for the vent and the
 partial-recondensation modes is shown in Figure 4.3-25. 	 For

these modes, comparison of the shielded and unshielded cases
can only be made at the highest kp	 value.	 At the lower
values, the vent pressure was not reached in the shielded
case and propellant storage penalties could not be evaluated.
In both modes, the absolute difference in penalty remains

'T roughly constant with staytime.	 Note t;hat the shield
.- accomplishes a greater reduction in the vent mode case: 	 at

the 180-day staytime, the percentage reductions in penalty
are 37.7% and 29.6% for the vent and partial-recondensation
modes, respectively.

The reduction in the IMIEO attributable to the shielded
'-	 Mars Braking Stage is presented in Figure 4.3-26. This

represents only the Mars Braking Stage contribution; since
the Mars Departure Stage is defined in terms of nominal mass
fractions, the reduction in IMIEO due to the shielding of
that stage cannot be included. Note that the solar shield
system mass, which would act to reduce the mass savings, is
not accounted for in the data shown. For all three basic
storage modes, the saving in IMIEO increases as the kp
value increases. The IMIEO difference at the highest value
is over five times that at the lowest kp value, in all three
cases.
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4.4 MARS DEPARTURE STAGE
PROPELLANT STORAGE PENALTY

Although the Mars Departure Stage is the smallest stage
of the vehicle, its effect on the IMIEO is increased rela-
tively by virtue of the three primary propulsive maneuvers
it undergoes. Its influence on the IMIEO is also increased
by the greater mission time of this stage, which is, at
minimum, twice that of the other stages. The longer exposure
to the thermal environment results in a higher heat transfer
per pound of propellant. In this subsection, the propellant
storage penalty to the IMIEO for the Mars Departure Stage
is discussed with reference to optimized propellant storage
systems. The first two stages of the vehicle are defined in
terms of nominal mass fractions, dependent only upon the
Mars orbit altitude, in order to determine the vehicle IMIEO.

The bulk of the data presented in this section pertains
to the vent and partial-recondensation storage modes. The
nonvent mode was investigated only at the 9203-n.mi (17,053
km) altitude for the shielded stage. At the lower altitudes
in the shielded case and at all altitudes in the unshielded
case, the tank pressure in the nonvent mode was found to be
extremely high during the preliminary analysis, well beyond
the range considered practical.

4.4.1 Sensitivity to Parameters

4.4.1.1 Earth Orbit Staytime

Because of the long mission time and, in particular
the 510 days spent in Mars orbit, the relatively short
period (30-90 days) spent in Earth orbit has only a small
effect on the propellant storage system of the unshielded
Mars Departure Stage. This is demonstrated in Figure 4.4-1,
where the total heat transfer is plotted against mission
time. Propellant storage penalty to the IMIEO is shown in
Figure 4.4-2 for the intermediate altitude. As in the
previous two subsections, the storage penalty is referenced
to a vehicle with a propellant-storage-system mass fraction
of zero for the stage under consideration; the remaining
stages are defined in teens of nominal mass fractions. The
IMIEO variation for the zero-mass-fraction Mars Departure
Stage case is shown in Figure 4.2-1 as the curve labeled
MDS. The high kj) value, vent-mode case yields the largest

I
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variation in penalty (Fig. 4.4-2). The penalty increases
9.9% over the range of staytime, from 11.9% of the zero-
mass-fraction IMIEO value to 13.0%. The minimum percentage
increase is 6.6% for the partial-recondensation mode at the
high kp value. Thus, the influence of staytime is relative-
ly independent of insulation performance or propellant

'	 storage mode. Of significance is the large difference be-
tween the penalty at the low kp value for the partial-

'	 recondensation mode and that for the adiabatic tank wall case.
This difference is due mainly to penetration heat transfer,
which is independent of insulation performance and reflects
the long mission time of the Mars Departure Stage (see
Figure 4.1-22).

The shielded Mars Departure Stage is more strongly
affected by the staytime, as shown in Figure 4.4-3 for the
intermediate Mars orbit altitude. The shield reduces the
total heat traiisf.er, thereby increasing the influence of the
Earth orbit heat transfer (see Figure 4.4-1). Compared to

3	 the unshielded case, the percentage increases in penalty
are 2 to 3 times greater. Note too the difference between
the adiabatic tank wall case and the results of the low-
kp -value, partial-recondensation mode case which is in
large part due to penetration heat transfer. The difference
is still. large percentagewise, although less than in the
unshielded case because the shield is effective in reducing
the penetration heat transfer as well as the insulation heat
transfer.

Propellant- storage penalties for the 216-n.mi (400 km)
and 9203-n.mi (17,053 km) altitudes are shown in Figures
4.4-4 through 4.4-7 for both the unshielded and shielded
cases. Although the magnitude of the penalty decreases
sor^ewhat with increasing altitude, the general trends with
staytime remain the same as in the intermediate-altitude case.

ISince the effect of Earth orbit staytime on the Mars
Departure Stage is small, it is to be expected that tanking
or the combination vent-nonvent mode should be of only small
vaiue as compared to the basic modes. Figure 4.4-8 illus-
trates an additional difficulty involved in the use of these
techniques. At the intermediate and high insulation per-
formance, the vent pressure is not reached during Earth
orbit. For ttie high kp value, where orbital tanking is
feasible, a saving of 13.8% of the storage system penalty
occurs at the 90-day Earth orbit sta ytime. This represents

1	
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a saving of 0.74% of the zero-mass-fraction IMIEO or 17,022
lbm (7721 kg). Note that the maximum staytime for the vent
tanking mode, which corresponds to replenishing the total
propellant loading, is 491 days. Although tanking of the
total propellant loading may not be feasible, these results
indicate that a significant increase in staytime can be
obtained through partial tanking.

Propellant storage penalty for the combination mode is
compared in Figure 4.4-9 to the nonvent mode. At the high
kp value, the propellant storage system penalty is reduced
22.3% at the 90-day staytime. This represents an IMIEO re-
duction of 40,000 lbm (18,150 kg). For 'Larger staytimes,
the savings are, of course, proportionately larger. A
staytime of 140 days corresponds to boiling off the maximum
permissible excess propellant loading. That is, the tank
is initially filled to 95% of capacity. As the insulation
performance improves, the savings decreases. At the low kp
value, the propellant storage penalty is reduced 16.5% at
the 90-day staytime, equivalent to 10,350 lbm (4700 kg) of
IMIEO.

4.4.1.2 Insulation Thermal Performance

The figures presented in the previous subsections have
demonstrated the strong influence of the insulation thermal
performance on the magnitude of the propellant storage
penalty of the Mars Departure Stage. Figure 4.4-10 shows
the importance of the insulation performance directly for
the unshielded stage in the vent mode. At the 216-n.mi
(400 km) altitude, the propellant storage penalty increases
from 7.4% of the zero-mass-fraction IMIEO value at the low
kp value to 18.6% at the high kp value. This represents
a percentage increase of 153%. At the higher altitudes,
the magnitude of the penalty drops but the percentage
changes are only slightly reduced. Note that most of the
increase takes place in the range above the intermediate
kp value. For the low-altitude case, only the first 22%
of the increase occurs below the intermediate value.

Reduction of the incident radiation by solar shields
results in a significant decrease in the magnitude of the 	 j
propellant storage penalty. This is seen by comparing the
penalties shown in Figure 4.4-11 for the shielded stage in
the vent mode with those of Figure 4.4-10. However the
influence of the insulation thermal performance is little 	 d
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changed. In fact, in terms of the percentage increase in
penalty, the influence is slightly increased. For the 216

-n.mi (400 km) altitude, this percentage increase is 160%,
slightly above the 153% increase for the unshielded case.
At the higher altitudes, the percentage increase is slightly
higher, being 175% at the 9203-n.mi (17,053 km) altitude.
Again, the bulk of the penalty increase occurs in the range
of insulation performance above the intermediate kp value.

4.4.1.3 Mars Orbit Altitude

Mars orbit altitude affects the Mars Departure Stage in
a different manner than it does the lower stages. The Mars
Excursion Module (MEM) mass variation with altitude has no
effect, since the MEM does not go through the Mars departure
maneuver. Variation of the AV requirement with altitude, on
the other hand, is more significant for the Mars Departure
Stage, as shown in Figure 6.2-1. The effect of the AV
variation on the propellant storage system penalty to IMIEO
for a stage with an adiabatic wall is shown in Figure 4.4-12.
This case is chosen in order to isolate the effect of AV
requirements from heat transfer effects. The variation with
altitude follows the trend of the AV variation, reaching a
minimum in the area of 5000-6000 n.mi. This is expected,
since the components of the propellant storage system are
limited to the tank, the pressurant, and the meteoroid pro-
tection. All of these components increase with the larger

i	 propellant loading that results from an increased AV re-
quirement. The mass penalties range from 18,000 lbm
(8160 kg) to 19,400 lbm (8800 kg), a difference of 1400 lbm
(635 kg).

In the comparisons which follow, it must be remembered
that since the value of the zero-mass-fraction IMIEO in-
creases with altitude, comparison of propellant storage
penalties at two different altitudes must be approached with
caution. Figure 4.4-13 shows the effect of Mars orbit alti-
tudes on the propellant storage penalty to IMIEO for the un-
shielded Mars Departure Stage. The variations here are much
larger than that shown in Figure 4.4-12, leading to the
conclusion that thermal effects dominate over the AV varia-
tion. The decrease in propellant storage penalty with in-
creasing altitude is thus due mainly to the less severe thermal
environment at the higher altitudes. This affects not only the
heat transfer through the insulation but the penetration heat
transfer as we11 (see Figure 4.1-22). Note that the rate of
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decrease is greater at the low altitudes and that all of the
curves are relatively flat at the synchronous altitude. This
is to be expected since the planetary components of the
radiation incident upon the vehicle vary approximately in-
versely as the square of the sum of the altitude and the
planet radius. As the insulation performance improves, the
thermal environment has less effect; it also has less effect in
the partial recondensation mode than in the vent mode.

The propellant storage penalty for the shielded stage
is presented in Figure 4.4-14. Comparison with the unshielded
stage data shows that the storage penalties are reduced at
all altitudes and at all kp values. The variation with
altitude is greater in the shielded case, which reflects the
increased effectiveness of the solar shield at the higher
altitudes. Note also that the adiabatic case is more closely
approachLd at the low kp value and high altitude, indicating
a smaller penetration heat transfer in the shielded case.

The sum of all effects of Mars orbit altitude on vehi-
cles with optimized propellant storage systems on the Mars
Departure Stage is shown in Figures 4.4-15 and 4.4-16 for the
unshielded and shielded stage, respectively. Note that the
effect of the MEM mass completely dominates the vehicle
IMIEO, so that the value of IMIEO increases with increasing
altitude, even though the Mars Departure Stage propellant
storage penalty decreases with increasing altitude.

4.4.2 Propellant Storage Mode

Since the Mars Departure Stage suffers from the most
severe heating history of all the stages, and consequently
makes the greatest demands on its thermal protection systeM,
the mode of propellant storage is of great importance. During
the preliminary analysis, it was found that the nonvent mode
resulted in extreme tank pressures, of the same magnitude as
the critical pressure, at all altitudes in the unshielded case.
For the shielded case, the nonvent mode was investigated at
the 9203-n.mi (17,053 km) altitude only; at the lower altitudes,
the tank pressures were also beyond the practical range. The
data presented in Subsection 4.4.1 showed that the partial-
recondensation mode yielded a reduction in propellant storage
penalty over the vent mode of the same order as that due to
improving the insulation performance from the high to the in
termediate kp value. Indeed, the partial-recondensation mode

124



GENERAL DYNAMICS
Fort Worth Division

offers a greater reduction in penalty at the intermediate
value than can be obtained in the vent mode by improving
the insulation performance from the intermediate to the
lowest kp value.

The propellant storage penalties for the vent and the
partial-recondensation modes are compared in Figure 4.4-17
for the unshielded stage. At the highest kp value, the
penalty can be reduced 46.4% by using the partial-recondensa-
tion mode. The absolute mass savings decreases as the insu-
lation performance improves, although the percentage reduction
remains about the same (45.5% at the lowest kp value). For

I	 the shielded stage, similar data are presented in Figure
4.4-18, including the storage penalty for the nonvent mode.
The percentage change in penalty between the vent and the
partial-recondensation modes is reduced, as compared to the
unshielded case, and decreases as the insulation performance
improves. At the highest kp value, the percentage reduction
is 37.6%, and this quantity decreases to 28.0% at the lowest
kp value. The savings between the nonvent and the vent

i ,	 modes is less than that between the vent and the partial-
j	 recondensation modes. At the highest kp value, the

difference is 23.5% between the nonvent and vent modes,
decreasing to 15.0% at the lowest kp value.

To show the relationship of the various component masses
that make up the propellant storage system, component, mass
fractions are presented for the shielded stage in Figures
4.4-19, 4.4-20.and 4.4-21 for the nonvent, vent, and partial-
recondensation modes, respectively. In the nonvent mode
(Fig. 4.4-19), the tank mass fraction ranges from 0.18 to
0.33, reflecting the high tank pressure, which increases

f	 from 42 to 76 psia as the kp value increases. The high
I	 pressure level and the large increase in pressure also

account for the high pressurant mass fraction and the
increase in the mass fraction over the range of insulation
performance. The insulation mass fraction exhibits the
same rapid increase with increasing kp value, as seen in
the component-mass-fraction data for the lower stages. In
this case, however, the insulation mass fraction is well below
the tank mass fraction, even at the highest kp values.

((	 The variation of the meteoroid protection mass fraction is
I;	 larger than in the lower stages because of the density

decrease and the larger propellant loading at the higher
kp values.
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For the vent mode (Fig. 4.4-20), the system effective
mass fraction is reduced and there is a significant change
in the relationship of two of the components. For the Mars
Departure Stage, the boiloff mass fraction is the dominant
component mass fraction, exceeding the tank mass fraction at
all values of insulation performance. Note that the tank
mass fraction is approximately the same as for the two lower
stages in the vent mode. In this case, the propellant
loading is less than one-third that of the Earth Departure
Stage, yet the tank mass fractions are roughly equal. This
demonstrates that the tank mass is a much stronger function
of pressure than of propellant loading. The remaining mass
fractions - insulation, meteoroid protection, and pressurant -
show the same trends as in the lower stages.

In the partial-recondensation mode (Fig. 4.4-21), the
system effective mass fraction drops substantially from that
of the vent mode. The boiloff mass fraction is reduced
below the tank mass fraction at the lower kp values while
the tank mass fraction remains relatively unchanged. The
difference in mode also produces a reduction in insulation
mass, with the meteoroid protection and pressurant mass
fractions remaining about the same as in the vent-mode case.

Propellant-storage-component mass fractions for the un-
shielded Mars Departure Stage are presented in Figure 4.4-22
for the vent mode. Comparison with the corresponding
shielded-stage data (Fig. 4.4-20) shows a large in.-.--ase in
the boiloff mass fraction with a smaller increase in .',e
insulation mass fraction. The tank, meteoroid protecti..a,
and pressurant mass fractions are only slightly changed for
the unshielded case. The total system effective mass frac-
tion ranges from a minimum of 0.41 to 0.87 at the highest
kp value.

Although the effect of Earth orbit staytime has been
shown to be small with respect to the propellant storage
penalty of the Mars Departure Stage, some reduction in
penalty and extension of allowable staytime is possible
using the combination or tanking modes of storage. Figure
4.4 -9 shows the effect of the combination vent-nonvent mode
of operation. Clearly, the combination mode saves consider-
able mass at the long staytime, particularly at the high
value of the kp product. At that condition, the combination
mode saves 40,300 lbm (18,300 kg) or 1.8% of the zero-mass-
fraction IMIEO. With the intermediate kp value, the saving
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is reduced to 17,260 lbm (7831 kg) or 0.75%, and with the
low value of kp , the saving is further reduced to 0.54% of
the zero-mass-fraction IMIEO. Note that the extension of
allowable Earth orbit staytime is minimal in this case; only
a few additional days are gained in the best case.

The effect of tanking for the partial-recondensation
and vent modes is presented in Figures 4.4-23 and 4.4-24,
respectively. It is immediately obvious that the savings
achieved by tanking the stage with the partial-recondensation
mode are very small, less than 0.5% of the zero mass fraction
IMIEO. The availability of extremely long staytimes with no
penalty to IMIEO is of some value. However, there is little
to be gained, unless the staytime requirements are found to
be well beyond the range investigated here. The vent mode
offers somewhat greater savings, although the difference in
storage penalty is less than 1% of the zero-mass-fraction
IMIEO in all of the cases shown. Again, unless significantly
longer Earth orbit staytimes are required, tanking saves
very little over the basic vent mode of propellant storage
for the Mars Departure Stage.

4.4.3 Comparison of Shielded and
Unshielded Vehicles

The Mars Departure Stage, because of its long exposure
to the thermal environment, is strongly affected by the use
of a solar shield (Fig. 4.4-1). The performance of the
solar shield in the Mars transfer phase is such that the
stage is effectively exposed to direct solar radiation for
only two 1-hr periods, one each at the beginning and the
end of the transfer phase. In Mars orbit, the orientation

I	 of the shielded vehicle is such that it is shielded from solar
radiation but receives only minor protection from planetary-
emitted or albedo radiation. Since there is little protec-

t	 tion from the planetary radiation components, the effective-
ness of the Mars orbit solar shield is dependent on the
orbit altitude. At the 9203-n.mi (17,053 km) altitude,
little planetary radiation will strike the stage, whereas
at the 216-n.mi (400 km) altitude, a large percentage of
the absorbed radiation is due to planetary radiation.
Figure 4.4-25 shows the average penetration heat transfer
rate in Mars orbit, for shielded and unshielded vehicles,
which reflects the effectiveness of the solar shield. Note

--	 that at the 216-n.mi (400 km) Mars orbit altitude the shield
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reduces the penetration heat transfer rate by 30.1 Btu/hr
(8.8 W) or 7.1% of the rate for the unshielded stage. At
the 9203-n.mi (17,053 km) altitude, the corresponding reduc-
tion is 153 Btu/hr (44.8 W) or 56.5% of the unshielded stage
penetration heat transfer rate.

Figure 4.4-26 shows a comparison of the propellant
storage penalty to IMIEO for the shielded and unshielded
stages in the vent mode. The reduced effectiveness of the
shield at the low altitude is less pronounced than that
shown in Figure 4.4-25 because of the varying insulation
thickness. The use of the shield at the high kp value
reduces the propellant storage penalty by 76,930 lbm
(34,990 kg) or 4.2% of the zero-mass-fraction IMIEO at the
216-n.mi (400 km) altitude, and by 134,700 lb m 161,080 kg)
or 5.9% at the 9203-n.mi (17,053 km) altitude. As the in-
sulation thermal performance improves, the value of the
shield diminishes, so that at the low value of kp the saving
is only 26,640 lbm (12,080 kg) or 0.66% of the zero-mass-
fraction IMIEO at the 216-n.mi (400 km) altitude and 59,460
lbm (26,970 kg) or 2.6% at the 9203-n.mi (17,053 km) alti-
tude. Since the partial-recondensation mode is a more
efficient thermal management technique, it should show less
effect of the solar shield. Figure 4.4-27 shows a comparison
of the penalties for the unshielded and shielded stages in
the partial-recondensation mode and, as expected, the savings
in propellant storage penalty is less than in the vent-mode
case. In this case, the greatest saving, at the high alti-
tude and high kp value, is 62,230 lbm (28,230 kg) or 2.7% of
the zero-mass-fraction IMIEO.

The shielded stage data shown in Figures 4.4-26 and
4.4-27 is based on deployment of solar shields during both
the Mars transfer and Mars orbit mission phases. 	 A ques-
tion arises as to the distribution of the mass savings
between the Mars transfer and the Mars orbit solar shields.
The distribution can be seen from Figure 4.4-28 where the
propellant storage penalty for the case where the stage is
shielded only during Mars orbit is compared with the un-
shielded and shielded cases (vent mode).	 It is seen that at
low altitude the major part of the storage penalty reduc-
tion is attributable to the Mars transfer shield.	 As the
altitude increases, the Mars orbit shield becomes a more
important factor.	 Finally, at the highest altitude, more
than one-half of the reduction is attributable to the Mars
orbit shield.
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4.5 OFD'-OPTIMUM DATA

Most of the data presented in this report are the result
of a computerized optimization analysis. Although the optimum
case is of the most interest and utility to the objectives of
this study, it is of interest to examine the off-optimum data
as well. This examination serves two purposes. First, it
points out the penalties associated with a system design that
varies from the optimum. Second, it is useful in explaining
the trends in the optimum case results.

F	 A typical set of off-optimum data for the nonvent mode
where the minimum tank design pressure of 19.7 psia (13.6
N/cm2) is not exceeded is presented in Figure 4.5-1 for the
Earth Departure Stage. At insulation thicknesses exceeding
1.4 in. (3.56 cm), the tank mass is fairly constant, reflec-
ting the effect of the minimum tank design pressure: actual
tank pressure is decreasing below the minimum design value
with increasing insulation thickness; however, the tank wall
thickness is based on the 19.7-psis (13.6 N/cm

2
 ) 'value. As

`	 the insulation thickness decreases below 1.4 in. (3.56 em),
the pressure increases and the tank mass rases rapidly. In-
sulation mass increases with thickness, but the relation is
nonlinear since the tank surface area also changes with in-
sulation thickness. Note also that for this case the insu-
lation mass is less than one-half of the tank mass. Pressur-
ant mass remains fairly constant over the entire range, de-
creasing slightly with increasing insulation thickness as the
pressure falls. Note that the optimum insulation thickness

^.	 is determined by the tank mass variation with insulation
thickness. This is true in general when the propellant heat
transfer is such that the minimum tank design pressure is
not exceeded over a wide range of insulation thickness near
the optimum.

The well-defined minimum system effective mass shown in
Figure 4.5-1 implies that the penalty for offoptimum design

s	 may be large. In the case discussed here, this is especially
true at thicknesses below the optimum value. For example, a
design thickness of 1.0 in. (2.54 cm) rather than the optimum

4	 1.37 in. (3.48 cm) results in a 17.8% increase in the propel-
lant storage system effective mass and an increase in IMIEO
of approximately 19,900 lbm (9030 kg). If a greater thick-
ness such as 2.0 inches (5.08 cm) is chosen, the system effec-
tive mass increases 4% and the IMIEO penalty is approximately
4400 lbm (2000 kg).
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t:s the propellant heat transfer increases, the insula-
tion mass becomes a factor in determining the optimum insula-
tion thickness and the optimum insulation thickness becomes
less well defined. These effects are shown in Figure 4.5-2
for the unshielded Mars Braking Stage in the nonvent mode
with low-performance insulation. Note that the tank and in-
sulation masses are roughly equal near the optimum insulation
thickness (the minimum value on the system-effective-mass curve).
The meteoroid protection mass and the pressurant mass fall
well below the tank and insulation masses; both show small
variation with insulation thickness.

A comparison of the off-optimum mass data between the
vent and the nonvent modes is presented in Figure 4.5-3 for
the shielded Mars Departure Stage. For the given conditions,
the tank pressure is well above the minimum design value;
this can be seen from the shape of the tank mass curve for
the nonvent mode. Also, note that tank mass for the vent
mode is much lower than for the nonvent mode since the pres-
sure is lower. The variation with insulation thickness is
also reduced because the vent pressure is independent of in-
sulation thickness. The difference in insulation mass between
the vent and nonvent mode is due to the lower propellant den-
sity in the nonvent mode. Even though the propellant loading
is larger for the vent mode, the lower propellant density re-
sults in larger tanks for the nonvent mode. Note also that
for the nonvent mode, the tank and the insulation masses are
the dominant factors in the optimization. For the vent mode,
the effective boiloff mass and the insulation mass are dominant.

The minimum in the system effective mass curve for the
vent mode shown in Figure 4.5-3 does not define the optimum
insulation thickness. This optimum is defined by the minimum
system effective mass fraction (system effective mass divided
by propellant loading) which yields a different optimum insu-
lation thickness, as shown in Figure 4.5-4. For the nonvent
mode, the minimum mass fraction and the minimum mass occur at
the same point. The reason for the difference between modes
is that the propellant mass varies in the vent mode with in-
sulation thickness: the required impulse propellant is held
constant, but the boiloff mass varies with insulation thick-
ness. In the nonvent mode, the total propellant mass is in-
dependent of insulation thickness.
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In many of the vent-mode and partial-recondensation-mode
cases, the conditions are such that the pressure does not reach
the vent level and the results are identical to those of the
nonvent mode. Off-optimum data for a typical case of this
type is presented in Figure 4.5-5, where the vent and nonvent
modes are compared for the Earth Departure Stage. The nonvent
mode data are the same as that of Figure 4.5-1 and, as pointed
out earlier, the tank mass curve exhibits a sharp change in
slope at the insulation thickness where the pressure first
exceeds 19.7 psia (13.6 N/cm 2). Since this corresponds to a
vent pressure of 14.7 psia (10.1 N/cm2 ), boiloff occurs at
and below this particular insulation thickness. However, the
optimum insulation thickness is determined solely by the tank
mass variation with the result that the pressure in the opti-
mum case is 19.7 psia with zero boiloff mass.

i
9

One other situation that occurrs frequently at the lowest
kp value is where the pressure in the nonvent mode is well
below 19.7 psia, in the 3-6 psia (2.07-4.14 N/cm2) range.
Off-optimum data for such a case are presented in Figure 4.5-6

gn	 for the shielded Mars Braking Stage with high-performance in-
sulation. Here again the optimum insulation thickness is deter-
mined by the tank mass variation. However, in this case, the
reason for the change in slope of the tank mass curve is a
propellant density change, not the minimum-tank-design-pressure
effect. The insulation thicknesses are so low that small
changes in insulation thickness yield proportionately larger
changes in tank surface area. At the larger thicknesses,
the tank is essentially adiabatic and the density is approxi-
mately constant.
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S Y S T E M P E R F O R M A N C E
C R I T E R I A

Inve.tigations of propellant storage mode effects and
solar shield effectiveness were conducted without consider-
ing the masses of these various systems. That is, their
functional effects were included in the analyses while assum-
ing that the necessary system hardware had zero mass. Fol-
lowing this approach, the results can be used to generate
relative performance criteria for these systems.

Performance criteria for the thermal management systems
are evaluated relative to the nonvent system. It would appear
that the necessary subsystems for the nonvent mode (stratifi-
cation reduction device, pressure relief subsystems, etc)
would be duplicated in the other storage modes so that the
nonvent mode can readily serve as the data baseline. The
performance criteria generated in this study are a function
of the difference in the vehicle IMIEO for nonvent storage
mode and that for the particular mode being considered. The
IMIEO values were obtained by using the optimization computer
program described in Subsection 6.2 of Volume 2, which oper-
ates on a stage basis. Thus, the IMIEO differences reflect
the effects of differing propellant storage modes on a sin-
gle stage, with the remaining stages defined in terms of nom-
inal mass fractions. Since the thermal management system
mass for each mode is not included in the IMIEO value, the
actual IMIEO difference will differ from the calculated IMIEO
difference by an amount proportional to the system mass. Thus,
the calculated IMIEO difference can be interpreted as an upper.•

'

	

	 limit on the IMIEO penalty for the particular thermal manage-
ment system on the stage being considered. It is an upper
limit in the sense that no reduction in the IMIEO relative to
the nonvent mode will be realized if the system IMIEO penalty
equals or exceeds the calculated IMIEO difference.

These performance criteria can be reduced to system mass
units by applying an appropriate factor to the IMIEO differ-

.

	

	 ence. This factor accounts for the additional propellant,
tankage, etc. required on the particular stage and all lower
stages by virtue of the additional mass of the thermal mart-
agement system and for the number of propellant tanks in the
stage. In this latter form, the performance criteria can be
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termed an "allowable mass;" it is the maximum system mass that
can be allowed without the vehicle IMIEO exceeding the IMIEO
for the nonvent mode.

For the solar shield systems, the performance criteria
are referenced to the unshielded stage and are a function of
the IMIEO difference between the vehicle with the stage shield-
ed and the vehicle with the same stage unshielded. Since the
shield system mass has not been considering in evaluating the
IMIEO for the shielded case, the calculated IMIEO difference
can again be considered an upper limit on the IMIEO penalty
for the system. As in the thermal management system case,
the calculated IMIEO difference can be reduced to system mass
units by applying an appropriate factor accounting for the
additional propellant, tannage, etc. However, the factor in
the solar shield case is different from that for a thermal
management system. The difference arises because the solar
shields are jettisoned from the vehicle prior to primary pro-
pulsion maneuvers while the thermal management systems remain
with the stages and are carried through the velocity changes.
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5.1 VENT SYSTEM

The vent thermal management system provides a means of
jettisoning energy absorbed by the propellant from the vehicle
in the form of propellant boiloff. This reduces the specific
internal energy and the vapor pressure of the remaining pro-
pellant and increases the propellant density as compared to
the nonvent mode. Both the lower pressure and the higher den-
sity act to reduce the tank mass, while the boiloff acts to
increase the tank mass by virtue of the larger propellant load-
ing. In Subsection 4.5, typical examples of the variation
with insulation thickness of the propellant storage component
masses and the total effective mass are presented for the
vent mode. The relationship between these component masses
for a given storage mode is a fuunction of the insulation per-
formance, the thermal environment, the stage, and the nature
of the component (jettisoned or nonjettisoned).

Performance criteria for the vent system are presented
in this section in terms of the system allowable mass. Data
are presented for each of the three stages on a per-tank basis.
Where tanking is advantageous, the effact of tanking on the
allowable mass is described.

5.1.1 Earth Departure Stage

Vent system allowable mass for the Earth. Departure Stage
is presented as a function of Earth orbit staytime in Figure
5.1-1. The solid curve represents the low-performance insula-
tion condition (highest kp value); one point at the interme-
diate kp value was definable and is shown at the maximum stay-
time. With low-performance insulation, the allowable mass in-
creases by a factor of 20 over the 90- to 270-day staytime in-
terval, reaching 8800 lb (3990 kg) at the maximum staytime.
The data are extrapolateW to determine the staytime at which
the allowable mass is zero; a staytime of approximately 80
days results in equal IMIEO values for the vent and nonvent
modes (neglecting vent system mass). At the intermediate kp
value and the maximum staytime, the allowable mass is only
390 lbm (177 kg). Thus, the higher insulation performance re-
sults in a reduction of allowable mass by a factor of 22. Si-

s	milar results were obtained at the 216-n.mi (400 km) and 9203-
n.mi (17,053 km) Mars orbit altitudes and are not presented
here.
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(1640 kg) to 12,400 lbm (5620 kg) over the range of staytime.
Even at zero staytime, the vent mode yields some savings.
As the insulation performance improves, the allowable mass
drops sharply to values below 2000 lb in (910 kg).	 Extra-
polation to staytimes corresponding to zero allowable mass
are also possible and are indicated in the figure.

For the Braking Stage, the boiloff rates show a greater
variation than in the Earth Departure Stage case, as shown
in Figure 5.1-2.	 The lower limit of zero for the Earth orbit
phase pertains to cases where the vent pressure is not reach-

- ed until the Mars transfer phase. 	 Because of the differing
thermal environments between Earth orbit and Mars transfer,
the boiloff rates may vary considerably between mission phase
for a given insulation performance and staytime.	 As an exam-
ple, the boiloff rate during Earth orbit for the high-kp -
value, maximum-staytime case is 12.5 lbm/hr (5.7 kg/hr) and
decreases to 4.9 lb./hr (2.2 kg/hr) during Mars transfer.

As in the Earth Departure Stage case, the mass savings
that lead to the allowable mass are due to reductions in tank
and insulation mass.	 To estimate the actual savings in IMIEO
for a given vent system mass, a ratio of IMIEO to allowable
mass of 3.3 can be used, on a per-tank basis, for the unshield-
ed stage.

When the solar shield is used on the Mars Braking Stage,
the heat transfer during the Mars transfer phase is negligible
compared to that occurring during Earth orbit.	 Thus, from

71 ' a thermal standpoint, a shielded Braking Stage is similar to
an Earth Departure Stage.	 IL is not surprising then that the
vent system allowable mass for the shielded Mars Braking Stage
(Figure 5.1-4) follows the same trends as in the Earth Depar-
ture Stage case. 	 The allowable mass at the high kp 	 value
ranges from 370 1bm (168 kg) at the 60 day staytime to 8000
lbm (3630 kg) at the 180-day staytime,	 rote that this maxi-
mum value is over 35% below that for the unshielded case. 	 The
staytime at which the allowable mass reaches zero is approxi-
mately 54 days.	 At the intermediate kp 	 value, the allowable

'. mass is a mere 130 lbm (59 kg).

Boiloff rates for the shielded case during Earth orbit
range from 9.0 to 12.7 1bm/hr (4.1 to 5.8 kg/hr) at the high
kp	 value.	 The boiloff during Mars transfer is negligible.
At the intermediate kp	 value, the boiloff rate is reduced to
3.8 1bm/hr (1.7 kg/hr) during Earth orbit. 	 Since the boiloff
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during Mars transfer is so low, the design problems associated
with a wide variation in boiloff rates over the mission are
alleviated. To estimate actual savings in the IMIEO associated
with a given vent system mass, a factor of 3.2 can be used to
relate allowable mass to the IMIEO.

Tanking is advantageous for the vent propellant storage
mode only for the unshielded Mars Braking Stage and only with
low-performance insulation (highest kp value). For the shield-
ed stage, the optimum insulation thickness would be near zero
because the propellant heat transfer during Mars transfer is
small. As a result, the entire propellant loading would be
boiled off early in Earth orbit, leaving dry tanks. With
higher performance insulation, the vent pressure is not reached
during Earth orbit in most cases; where the vent pressure is
reached the boiloff is minimal.

The system allowable mass for the vent-tanking case is
compared with the normal vent mode results in Figure 5.1-5.
At a staytime of approximately 64 days, tanking begins to
yield savings in mass as the allowable mass begins to exceed
that for the vent mode. At the maximum staytime of 180 days,
the allowable mass for the vent-tanking mode is 28,100 lbm
(12,750 kg) which is 125% greater than the vent-mode value.
Use of a.tanking operation gen(•rally extends the permissible
Earth orbit staytime well beyond the range defined in this
study, as shown in Figure 5.1-6. For the unshielded Braking
Stage, the indicated maximum staytime approaches 900 days.
This maximum staytime corresponds to boiloff of the total pro-
pellant loading which may not be compatible with the pressure-
stabilized-tank concept. However, it is seen that even par-
tial tanking allows a significant extension of the staytime.

5.1.3 Mars Departure Stage

The Mars Departure Stage presents a problem with regard
to evaluating the vent-system allowable mass. Because of the
length of the mission, especially the 510 days spent in Mars
orbit, the heat load is such that the nonvent mode of opera-
tion results in very high pressures and associated low liquid-
hydrogen densities. The high pressure and low density combine
to produce systems which are outside the bounds of reasonable
tank design. This fact precludes the possibility of using the
nonvent mode, and of calculating allowable masses for the vent
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mode, except for those cases which employ a solar shield and
operate at the high orbit altitude. These conditions give a
lower heat transfer rate in the Mars orbit phase of the mis-
sion, reducing the effect of the long mission time. However,
the tank pressures are still high, exceeding 80 psia (55.2
N/cm2 ) at the high-kp -value, maximum-staytime condition.

Vent-system allowable masses for the shielded, high-alti-
tude case are presented in Figure 5.1-7 as a function of insu-
lation performance. The allowable masses range from 740 lbm
(336 kg) for the combination of short Earth orbit staytime and
low kp value to 11,710 lbm (5310 kg) for the maximum staytime
and high kp value. Note that the variation with insulation
performance is similar at all staytimes and that the curves
are fairly flat at the low kp value. Thus, the vent system
yields some reduction in the IMIEO even with the highest in-
sulation performance. This is due to the penetration heat
transfer which is independent of insulation performance.

The range of boiloff rates for the Mars Departure Stage
is shown in Figure 5.1-2 for each of the mission phases. The
envelopes shown include unshielded stages as well as the shield-
ed, high-altitude case shown in Figure 5.1-7. For this high-
altitude case, boiloff occurs only during Mars orbit at the
intermediate and low kp values. The boiloff rate is thus rel-
atively constant, with values ranging from 0.64 to 0.75 lbm/hr
(0.3 kg/hr), depending upon the insulation performance. At

 the high kp value, boiloff occurs during Earth orbit and Mars
transfer as well as Mars orbit. This results in a large vari-
ation in boiloff rate, ranging from 5.9 lbm/hr (2.7 kg/hr) in
Earth orbit to 1.3 1bm/hr (0.6 kg/hr) in Mars orbit. The
amount of boiloff occurring during the transfer period is
negligible.

The factor relating IMIEO to allowable mass for the shield-
ed Mars Departure Stage is approximately 4.6. This value can
be used to obtain estimates of the actual savings in IMIEO to
be gained by using a vent system of given mass.

Tanking is advantageous for the vent storage mode of the
shielded stage only. For the unshielded stage, the vent pres-
sure is not reached during Earth orbit. As in the case of the
Braking Stage, tanking yields significant savings only at the
high kp value. Allowable mass for the vent-tanking mode is
compared to that of the vent mode in Figure 5.1-8. Tanking
begins to yield mass savings at a staytime of approximately
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35 days. The allowable mass increases with staytime, reach-
ing 16,200 lbm (7350 kg) at the 90-day staytime. This repre-
sents an increase of 38.5% relative to the vent-mode allow-
able mass. The tanking operation yields a significant increase
in permissible staytime, as seen in Figure 5.1-6, where the
maximum staytime for the shielded stage at the 9203-n.mi (17,053
km) altitude'is almost 500 days. Again, the maximum value
corresponds to complete propellant boiloff during Earth orbit.

n
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5.2	 PARTIAL-RECONDENSATION SYSTEM

Performance criteria for the partial-recondensation ther-
mal management system are presented in this subsection in terms
of the system allowable mass, on a per-tank basis.	 A second
measure of the system performance, the allowable mass per unit
heat load or allowable specific mass, is also presented. 	 The
heat load used in the computations is the average value, aver-
aged over the mission phases. 	 Since the allowable masses of
both the vent system and the partial-recondensation system
are referenced to the nonvent system, it is natural to inquire
as to the magnitude of the difference between these systems,
and a limited comparison is included.	 For other conditions,
the data on partial-recondensation systems in this section can
be compared directly to the vent system data of the previous
subsection.

5.2.1	 Earth Departure Stage

Allowable mass of a partial-recondensation system for the
Earth Departure Stage is shown in Figure 5.2-1 for the 3238-
n.mi Mars orbit altitude.	 The solid line represents the low-
performance-insulation condition, with the allowable mass
ranging from 3600 lbm (1630 kg) to 27,900 lbm (12,650 kg) as
the staytime increases from 90 to 270 days. 	 The allowable
mass is a result mainly of savings in insulation mass and in
tank mass at the longer staytimes. 	 Only a single point could
be plotted for the intermediate kp value, at the maximum Earth

. orbit staytime.	 The allowable mass at that condition is 2030
lbm (920 kg), which differs from the low-performance insula-
tion value at the same staytime by a factor of 18. 	 Again the
allowable mass is mainly from savings in insulation mass.
For the shorter staytimes at the intermediate kp value and
all staytimes at the low kp value, the vent pressure is not
reached during the mission and the system remains in the non-
vent mode.	 Allowable mass data at the other altitudes are
similar to that of Figure 5.2-1 and are not presented here.

The allowable specific mass or allowable mass per unit
heat load is presented in Figure 5.2-2 for the same conditions
as in Figure 5.2-1. 	 The value increases strongly as the stay-
time increases, from less than 1 1bm/Btu/hr to 10.7 lbm/Btu/hr
(1.5 to 16.6 kg/W).	 For the single data point at the inter-
mediate kp value, the allowable specific mass is 2.1 lbm/Btu/hr
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(3.3 kg/W). The heat loads upon which the allowable specific
masses are based are presented in Table 5.2-1. Note that the
heating rate decreases as the staytime increases due to the
larger insulation thickness. This implies a smaller system,
although the total power requirement will increase with stay-
time. Because the heating history of the stage is limited to
Earth orbit, the heat load will be fairly constant. This re-
stricts the operating range of the system and eases the prob-
lem of establishing the system design point.

Actual savings in the IMIEO attributable to the partial
recondensation system can be estimated by multiplying the
allowable mass less the system mass by 1.90. For example at
the high-kp -value, maximum-staytime condition, the allowable
mass is 27,900 lbm (12,650 kg). Assuming a partial reconden-
sation system mass of 100 lbm (45 kg), the estimated savings
in the IMIEO is 52,820 lbm (23,950 kg), on a per tank basis,
for a total IMIEO reduction of 211,300 lbm (95,800 kg).

5.2.2 Mars Braking Stage

Partial-recondensation-system allowable-mass data for
the unshielded Mars Braking Stage are shown in Figure 5.2-3
for the 216-n.mi (400 km) Mars orbit altitude. Values vary
widely, ranging from 600 to 29,900 1bm (270 to 13,570 kg) and
increasing as the kp value and the Earth orbit staytime in-
crease. A value for the minimum staytime at the low kp value
could not be defined because the vent pressure is not reached
for that condition. Note that staytime has more influence
on allowable mass with higher performance insulation. At the
higher kp values, the curves are tending to merge. The allow-
able mass results from savings in both insulation and tank
mass in the partial-recondensation mode as compared to the
nonvent mode.

An estimate of the savings in the IMIEO for a given par-
tial recondensation system mass can be computed using a fac-
tor of 3.22 to relate the IMIEO to system mass. For example,
at the intermediate kp value and maximum staytime, the allow-
able mass is 5940 lbm (2690 kg). Assuming a partial-reconden-
sation-system mass of 100 1bm (45 kg), the total reduction in
the IMIEO is 37,610 lbm (17,060 kg).

Corresponding allowable-specific-mass data are shown in
Figure 5.2-4, based on the average heat load during Earth orbit

184



GENERAL DYNAMICS
Fort Worth Division

Table 5.2-1 HEAT LOADS: PARTIAL RECONDENSATION MODE

Stage

Btu lbm

4_0
kp, hr-ft 	 R

Wes_
m4 -oK

Heat Load at
 Indicated 0/"Max

Btu/hr
(W)

1/3 2/3 1

Earth Departure 1.5x10-3 3780 2940 2600
(3238 n.mi) (4.16x10-2) (1108) (862) (762)

7.5x10-53 -- -- 975
(2.08x10	 ) (286)

Mars Braking 1.5x10-32 1180 1330 1380
(Unshielded, (4.16x10	 ) (346) (390) (404)
216 n.mi)

-5 4797.5x10
-3 )

446 441
(140)(2.08x10 (131) (129)

5.0x10-6 -- 312 316
(1.39x10-4) (91) (93)

Mars Braking 1.5x10-3
-2)

3650 2790 2430
(Shielded, (4.16x10 (1070) (818) (712)
216 n.mi)

-5 8827.5x10
(2.08x10-3 )

-- --
(259)

Mars Departure 1.5x10-3
-2)

298 352 397
(Shielded, (4.16x10 (87) (103) (116)
9203 n.mi)

7.5x10-5 156 153 172
(2.08x10-3 ) (46) (45) (50)

5.0x10
-6

128 127 126
(1.39x10 -4) (38) (37) (37)
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and Mars transfer. The average heat loads are tabulated in
Table 5.2-1. Note that the average heat load in this case
generally increases with increased Earth orbit staytime at
the high kp value and is relatively constant at the other kp
values. The rise is due to increased Earth orbit boiloff at
the longer staytimes. At the other kp values, there is little,
if any, boiloff during Earth orbit and the insulation thick-
ness variation with staytime is small. The design problems
associated with a varying heat load exist for only a shall
number of conditions. In the majority of cases, the vent
pressure is not reached during Earth orbit, which is the most
severe thermal environment. Venting of propellant begins
during the Mars transfer mission phase, where the heat load
variation is much less than the difference between the Earth
orbit heat load and the average during the Mars transfer
phase. This not only reduces the design problem but results
in a smaller system.

The effect of Mars orbit altitude on the partial-recon-
densation-system allowable mass for the unshielded Braking
Stage is shown in Figure 5.2-5 for the intermediate kp value
only. The general downtrend in allowable mass with increas-
ing altitude is the result of larger propellant loadings. In
the partial-recondensation mode, the larger propellant loading
leads to a longer nonvent period and reduced boiloff. In
the nonvent mode, the larger propellant mass yields a lower
final pressure so that the tank mass does not increase pro-
portionately to propellant loading. Both effects tend to
reduce the allowable mass of the partial-recondensation sys-
tem. At the high kp value, the variation of allowable mass
with altitude is minimal.

Partial-recondensation-system allowable mass for the
shielded Braking Stage is presented in Figure 5.2-6. The
solar shield reduces the propellant heat transfer during the
Mars transfer mission phase to a negligible-value as compared
to that during Earth orbit. As a result, the allowable-mass
data in Figure 5.2-6 is similar to that of the Earth Depar-
ture Stage (Figure 5.2-1). At the high kp value, the partial-
recondensation mode yields mass savings at all values of stay-
time, with the allowable mass ranging from 2000 lbm (907 kg)
to 16,040 lbm (7,270 kg). At the intermediate kp value, only
the maximum staytime produces a pressure in excess of the vent
pressure, and the allowable mass at that condition is 590 lbm
(270 kg).	

m{
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To relate the IMIEO to system mass, a factor of 3.19 can
be used for the range of conditions shown in Figure 5.2-6.
The corresponding allowable specific mass is shown in Figure
5.2-7 based on the heat loads tabulated in Table 5.2-1. Note
again the similarity to the Earth Departure Stage, with the
heating rate decreasing as the staytime increases because of a
larger optimum insulation thickness at the longer staytimes.
Since the boiloff occurs for the most part during Earth orbit,
the rate is constant with time.

As in the vent mode, tanking of the propellant boiled off
from the Mars Braking Stage during Earth orbit is considered
only for the unshielded stage. For the shielded stage, the
optimum insulation thickness would be near zero because of the
low propellant heat transfer during the transfer phase. The
result would be dry tanks since the initial propellant loading
would be boiled off early in Earth orbit. The system allow-
able mass for the partial-recondensation-tanking mode is com-
pared to that for the normal partial-recondensation mode in
Figure 5.2-8. Note that tanking is beneficial at all stay-
times and that the difference in allowable mass increases as
the staytime increases. At the minimum, 60-day staytime, the
allowable mass for the tanking variation is 14,800 lb (6710
kg), 8% greater than the value for the normal partialmreconden-
sation mode. The allowable mass at the 180-day staytime is
40,400 lbm (18,320 kg), an increase of 28% over the normal
mode value.

Note that tanking generally yields less mass savings in
the partial-recondensation mode than in the vent mode. How-

:}	 ever, it does increase the permissible staytime relative to
the vent-tanking mode, as shown in Figure 5.1-6. For the un-
shielded Mars Braking Stage, the maximum staytime is increased
to over 1400 days, which is well beyond the range considered
in this study.

L	 5.2.3 Mars Departure Stage

Partial-recondensation-system allowable mass for the
shielded Mars Departure Stage is presented in Figure 5.2-9
for the 9203-n.mi Mars orbit altitude. When compared to the
allowable-mass data presented earlier for the other stages,
it will be noted that the variation with insulation perfor-
mance is much less. This is the result of the long mission
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time of the Mars Departure Stage and the solar shield's effec-
tiveness in reducing the incident radiation. Both factors
tend to increase the percentage of the total heat transfer
attributable to penetrations, which is independent of insula-
tion performance. Values of the allowable mass range from
2480 lbm (1125 kg) to 21,730 lbm (9850 kg) and increase with
increasing kp value and staytime. As noted earlier, the Earth
orbit staytime has more influence on the allowable mass at
the higher insulation performance. Allowable-mass data for
the lower altitudes and for the unshielded stage could not
be defined because the corresponding nonvent mode results were
not obtained.

To evaluate the reduction in the IMIEO for a particular
system mass, the IMIEO is related to system mass by a factor
of 4.50. As an illustration, assume a 100-1bm (45 kg) partial
recondensation system at the maximum staytime and intermediate
kp value. The system allowable mass for that condition is
9052 lbm (4100 kg) and the corresponding reduction in the
IMIEO amounts to 40,280 lbm (18,270 kg).

Allowable-specific-mass data for the same conditions as
in Figure 5.2-9 are presented in Figure 5.2-10. It will be
noted that the specific-mass values are much higher than for
the lower stages of the vehicle. In addition, there is less
variation with insulation performance, especially at the lon-
ger staytimes. The heat loads are presented separately in
Table 5.2-1. The heat load increases with staytime at the
high kp value, reflecting an increasing percentage of boiloff
in Earth orbit. This same trend also occurs between 8/Amax
values of 2/3 and 1 at the intermediate kp value.

Since the nonvent mode was analyzed only at the 9203-n.mi
(17,053 km) altitude, system allowable masses as defined in
this study could be computed only at that altitude. However,
it is of interest to examine the differences between the vent
and the partial-recondensation modes at all altitudes. This
can be accomplished on the same basis as system allowable
mass by computing the difference in the IMIEO between the
two modes and applying an appropriate factor to reduce the
IMIEO value to system mass units. This factor varies to some
extent with all of the basic parameters and between the stor-
age modes. However, for purposes of comparison, the varia-
tion can be neglected and the values for the partial-reconden-
sation mode will be applied. The resultant mass value is an
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estimate of the difference in allowable masses between the
vent and the partial-recondensation modes. I£ a certain frac-
tion of the hardware components for the two modes are identi-
cal, this allowable mass difference applies to the remaining
nonsimilar items. Otherwise, it can be compared to total sys-
tem mass differences between vent and partial-recondensation
systems.

The difference in allowable masses for the shielded and
unshielded Mars Departure Stages is presented in Figures 5.2-11
and 5.2-12, respectively. In both cases, the difference de-
creases as the altitude increases, but the rate of decrease is

i: higher in the shielded case. The smaller allowable mass dif-
ference at higher altitudes is indicative of a less-severe
thermal environment (especially in the shielded case), there-
by reducing the necessity for the higher-effectiveness par-
tial-recondensation system. With low-performance insulation,
the difference in allowable mass decreases from 24,200 lbm
(10,980 kg) to 9400 lbm (4260 kg) in the shielded case. As
the insulation performance improves, the mass difference

t ;	 drops; at the lowest kp value, the range is 9800 lbm (4440 kg)
to 2630 lbm (1190 kg). For the unshielded stage, the allow-
able mass differences are generally higher (Fig. 5.2-12) be-
cause of the larger total heat transfer. At the highest alti-
tude, the curves are fairly flat at all kp values, indicating
that the planetary-emitted and albedo radiation have been
reduced to the point where they have a negligible influence
on the total heat transfer.

Tanking for the Mars Departure Stage in the partial-re-
condensation mode is advantageous only for the shielded stage.
In the unshielded case, the vent pressure is not reached dur-

j;	 ing Earth orbit for any set of parameters. Also, tanking was
found to be advantageous only at the highest kp value. Allow-
able system mass for the partial-recondensation-tanking mode
is compared in Figure 5.2-13 to that for the normal partial-
recondensation mode. It is seen that tanking offers only a
small savings in mass, which is to be expected since the stay-

1	
time is small and the Earth orbit heat transfer is a small
part of the total. At the 30-day staytime, the difference in
allowable mass is only 163 lbTP 	 --(74 kg). At the maximum 90
day staytime, the difference is 3580 lb m (1620 kg).
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5.3 COMBINATION SYSTEM

The basic idea behind the combination system is to uti-
lize the tank volume required for propellant expansion during
nonvented operation to store excess propellant to be boiled
off during the Earth orbit mission phase. The thermal manage-
ment system required to accomplish the boiloff may be either
a vent system or a partial-recondensation system. An advan-
tage with the partial-recondensation system is a longer Earth
orbit staytime per pound of excess propellant. Required sys-
tem components for the combination mode are identical to those
for the corresponding basic mode (vent or partial: recondensa-
tion). However, since the system operating time will gener-
ally be much lower than for the basic mode, total power re-
quirements should be reduced, Note that the combination sys-
tem is not applicable to the Earth Departure Stage since func-
tionally it is similar to the normal vent or partial-reconden-
sation mode. From an optimization standpoint, an optimum in-
sulation thickness is not definable since there is no nonvent-
mode period beyond Earth orbit upon which to perform the opti-
mization.

5.3.1 Mars Braking Stage

Figure 5.3-1 presents the system allowable mass for the
combination vent-nonvent mode for the unshielded Mars Braking
Stage with low-performance insulation. Also shown is a com-
parison of the IMIEO for the combination and nonvent modes.
The latter is included in order to show the range of staytime
and the variation of the IMIEO with staytime. Note that the
combination mode becomes definable at a staytime of approxi-
mately 74 days and that the maximum staytime for the indicated
condition is 181 days. This maximum staytime is only one day
beyond the range defined in this study, and it corresponds to
filling the tank to 95% (by volume) of the total tank volume.
In other words, the maximum amount of excess propellant is
loaded into the tillage volume. The allowable mass rises rap-
idly with staytime, reaching a value of 15,600 lbm (7075 kg)
at 180 days. IMIEO for the combination mode rises slightly
with staytime, reflecting the excess propellant loading, which

>j	is directly additive to the IMIEO. At the staytime of 180
days, the difference in the IMIEO is 110,300 lb in (50,000 kg)

,.	 or 4.4% of the IMIEO.
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Similar data for the intermediate kp value is presented
in Figure 5.3-2. The system allowable mass is an order-of-
magnitude lower than in the highest-kp -value case, and the
combination mode becomes definable at a much later staytime,
136 days. Beyond 180 days, the allowable mass can not be com-
puted since the corresponding nonvent mode results were not
obtained. However, the IMIEO can be evaluated since the value
at any staytime less than the maximum is the value at 136 days
plus the excess propellant mass. Note that while the combina-
tion mode does not offer large mass savings at this condition,
a significant extension of the staytime can be realized rela-
tive to the nonvent mode without incurring a penalty to the
IMIEO.

With the highest-performance insulation, the combination
mode becomes definable at a staytime of 180 days, which is
the maximum considered in this study. The maximum combination-
mode staytime for this condition is 276 days, as shown in
Figure 5.3-3. Allowable mass data are not presented since the
IMIEO for the combination mode will exceed that for the non-
vent mode except at the 180-day staytime, where the.IMIEO's
are equal (neglecting the system mass for the combination
mode).

It is possible to further increase the permissible stay-
time by substituting a partial-recondensation system for the
vent system in the combination mode. For the same excess pro-
pellant loading, the staytime after boiloff begins is increas-
ed 2-1/2 times. The effect on the range of staytimes is pre-
sented in Figure 5.3-4. At the lower kp values, the staytimes
are probably beyond the range of interest, even for the vent-
nonvent combination mode.

:results for the combination mode could not be obtained
for the shielded Mars Braking Stage. The low propellant heat
transfer during Mars transfer results in only a small ullage
volume at the beginning of the transfer phase. Therefore,
the excess propellant loading would be minimal. in addition,
the low heat transfer would result in a small optimum insula-
tion thickness and the excess propellant would be boiled off
early in Earth orbit. Thue, the combination mode is not com-
patible with the shielded Mars Braking Stage.
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5.3.2 Mars Departure Stage

Allowable mass data for the combination vent-nonvent mode
is shown for the shielded Mars Departure Stage in Figures 5.3-5,
5.3-6, and 5.3-7 for the high, intermediate, and low kp values,
respectively. The mass savings in IMIEO are small over the 30-
to 90-day staytime interval regardless of insulation perfor-
mance, but significant extensions of the staytime can be real-
ized with little or no penalty to the IMIEO. With low-perfor-
mance insulation, the system allowable mass increases with stay-
time to the maximum definable value of 8163 lb m (3700 kg) at
90 days. For longer staytimes, the allowable mass would con-
tinue to rise; extrapolation of the data of Figure 5.3-5 in-
dicates an allowable mass of the order of 25,500 lb m (11,600
kg) at the maximum combination-mode staytime of 140 days.

As the insulation performance improves, the mass savings
decrease, but the maximum staytime increases, as shown in Fig-
ures 5.3-6 and 5.3-7. The staytime range can be extended even
further by substituting a partial ;recondensation system for
the vent system. The effect on staytime is shown in Figure
5.3-4. However, as in the Braking Stage case, these stay-
times are probably beyond the range of interest.

Combination-mode data for the unshielded Mars Departure
Stage are not presented since, as in the nonvent mode, the
final pressures are extremely high. The Earth orbit propel-
lant heating is only a small fraction of the total and the
combination mode does not offset the large amount of heat trans-
fer during the interplanetary mission phases.

i'.
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5.4 SOLAR SHIELD SYSTEMS

It has been shown in Section 4 that deployment of solar
shields during Mars transfer and Mars orbit can lead to an
appreciable reduction in the vehicle IMIEO, However, the
results presented in that section did not take into account
the mass of the solar shield system. If the shield is to be
effective, the mass penalty to the IMIEO attributable to the
solar sh;.eld system must be only a small fraction of the mass
savings achieved by use of the shield.

ii

	

	 In this subsection., solar-shield-system allowable-mass
data are presented separately for the Mars transfer solar
shield and the Mars orbit solar shield since individual sys-
tems are required. As noted previously, the allowable mass
is the upper limit to system mass, being that mass which
yields no difference in IMIEO between the shielded and un-
shielded cases. Estimates of the solar-shield-system mass
for particular cases are also presented, based on data ob-
tained from Reference 5 .1. These system mass estimates are.

z`	 compe.,1ed with the corresponding allowable mass to obtain the
 actual savings in IMIEO gained by utilization of solar shields.

6 .,

5.4.1 Mars Transfer Solar Shield

r	 During the Mars transfer mission phase, the spherical
z	 solar shield is deployed from the aft end of the Mars Braking

Stage with the vehicle longitudinal axis parallel to the solar
vector (see Figure 3.2-3). With this orientation, both the
Mars Braking Stage and the Mars Departure Stage are shielded
from direct solar radiation, and the mass savings on both sta-
ges contribute to the allowable mass for the Mars transfer
solar shield. The contribution of the Mars Braking Stage
is straightforward; it is proportional to the IMIEO differ-
ence between the shielded and the unshielded cases. For the
Mars Departure Stage, however, two approaches can be taken.
The first approach is to compare the unshielded case with
the case where the stage is shielded only during Mars trans-
fh	 d	 h i t	 a th h' lded caseer. T e secAn approac s o comp re e s ^e
(shielded during both Mars transfer and Mars orbit) with the
case where the stage is shielded only during Mars orbit.
Allowable masses resulting from the two approaches are not
equal. The first approach generally yields the largest
allowable mass; the long period in Mars orbit penalizes
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the unshielded case more strongly than the shielded case. The
allowable mass data presented herein are based on the second
approach, which results in conservative (low) estimates of shield
allowable mass.

Allowable mass for the Mars transfer solar shield is pre-
sented for the vent mode in Figure 5.4-1 as a function of
Mars orbit altitude. With low-performance insulation, the
allowable mass is constant at a value of approximately 100,000
lbm (45,360 kg) up to an altitude of 5000 n.mi (9265 km).
Above that altitude, the allowable mass increases slightly
to 109,000 1bm (49,440 kg) at the 9203-n.mi (17,053 km) alti-
tude. The increase at higher altitudes is due to a larger
Mars Braking Stage and a less-severe thermal environment for
the Mars Departure Stage, which results in reduced insulation
requirements for the shielded stages. At the intermediate kp
value, the allowable mass decreases from 34,190 lbm (15,510
kg) to 27,190 lbm (12,330 kg) as the altitude increases. The
decrease is due to reduced savings in boiloff mass for both
stages. With the highest-performance..insulation, the allow-
able mass decreases rather sharply from 18,660 lbm (8460 kg)
to 14,560 lbm (6600 kg) at low altitudes and remains con-
stant at the higher altitudes. The decrease is due to re-
duced savings in boiloff and insulation masses on the Mars
Braking Stage and in boiloff mass on the Mars Departure Stage.

Allowable shield mass for the partial-recondensation
mode is shown in Figure 5.4-2. The general trends are com-
parable to those of the vent mode although the magnitudes
are roughly one-half those for the vent mode. At the high
kp value, the allowable mass ranges from 49,420 1b (22,420
kg) to 58,350 lbm (26,470 kg) as the altitude increases.
The rise is due to larger savings in insulation and boiloff
masses on the Mars Braking Stage. With the intermediate-
performance insulation, the allowable mass falls in the in-
terval of 16,500 to 17,200 lbm (7480 to 7800 kg) over the
entire altitude range. The allowable mass decreases in the
lower-altitude range with the highest-performance insulation,
decreasing from 9140 lbm (4150 kg) to 7710 lbm (3500 kg) be-
cause of lesser savings in boiloff mass on both stages.

The influence of Earth orbit staytime on the Mars-
transfer solar-shield allowable mass is dependent upon the
insulation performance, as shown in Figure 5.4-3 for the
vent mode. With low-performance insulation, the influence
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y	 of staytime is negligible; the allowable mass is approximately
constant at 108,000 Ibm (48,990 kg). At the intermediate kp
value, the allowable mass increases from 23,000 lbm (10,430 kg)
to 33,270 lbm (15,090 kg) with increased staytime because of
larger savings in insulation mass and boiloff mass on the Mars
Braking Stage. With the highest-performance insulation, there
is a slight decrease at short staytimes from 18,660 Ibm (8460
kg) to an essentially constant value of 14,600 lb (6620 kg).
Similar data for the partial-recondensation mode are shown in
Figure 5.4-4. Again, the influence of staytime is dependent
upon the insulation performance. Note that the allowable mass-
es are almost 50% less than in the vent mode.

Allowable mass data for the nonvent mode were obtained
only at the synchronous altitude and are presented in Figure
5.4-5 as a function of Earth orbit staytime. Data are not
shown for the highest kp value because the tank pressures in
the Mars Departure Stage are beyond the range of interest
at that condition. At both the intermediate and the low kp
values, the allowable mass increases with staytime. The rate
of increase is higher at the intermediate value, with the
allowable mass ranging from 43,500 to 63,100 Ibm (19,700 to
28,600 kg) over the range of staytime. The corresponding

4?	 range of values at the lowest kp value is 32,200 Ibm to
39,000 Ibm (14,600 to 17,700 kg).

N

t

The actual savings in the IMIEO accomplished by the
shield is dependent upon the shield system mass. If the
system mass is less than the allowable at a given condition,
then a IMIEO reduction will result. Estimates of the Mars-
transfer solar-shield-system mass were made fora number of
cases. These estimates showed little variation with respect
to any of the study parameters and yielded an average value
of approximately 950 Ibm (430 kg). The shield itself accounts
for almost 70% of the total system mass; the canister and
associated subsystems were estimated to have a mass of 300
Ibm (136 '.gig). The 950-Ibm estimate of the solar-shield-system
mass falls well below the allowable mass values presented in
this section. Even with the highest-insulation performance
and the partial-recondensation mode, the minimum allowable
mass is 7700 lbm (3490 kg). The difference is a measure of
the savings achieved by use of the shield and can be expressed
in terms of the IMIEO by multiplying by 1.98. This factor
relates the IMIEO to mass which is jettisoned just prior to
ignition of the Mars Braking Stage engine. Thus, the minimum
savings in the IMIEO attributable to the Mars transfer solar
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shield is approximately 13,400 lbm (6060 kg).
to roughly 0.6% of the vehicle IMIEO. At the
consider the low insulation performance, vent
an allowable mass of 100,000 lb m (45,360 kg).
savings in this case would amount to 196,000
which is approximately 8% of the IMIEO.

This amounts
other extreme,
mode case with
The IMIEO

lbm (38,900 kg),

5.4.2 Mars Orbit Solar Shield

The solar shield deployed during Mars orbit is designed
to intercept only the direct solar component of the radiant
energy incident upon the vehicle. This design follows the
conclusion of the solar-shield feasibility study (Reference
5-2). There it was concluded that during orbital operation
it was impossible to block all components of the incident
radiation - direct solar and planetary emitted and albedo.
The most effective shield-vehicle configuration was found to
be a spherical shield deployed aft of the vehicle with the
vehicle longitudinal axis oriented parallel to the solar vector.
Figure 3.2-4 shows the spherical solar shield deployed from the
Mars Departure Stage during the Mars orbit mission phase.

Figure 5.4-6 presents the allowable mass of the Mars
orbit solar shield for the vent mode. The allowable mass of
the shield and, thus, the effectiveness, is seen to be a
strong function of altitude, increasing as the altitude in-
creases. This is due to the smaller contribution of the
planetary emitted and albedo radiation to the total incident
energy at the higher altitudes. The allowable mass is also
strongly influenced by the insulation performance. With the
lowest-performance insulation, the allowable mass increases
from 4950 lbm (2245 kg) at the 216-n.mi (400 km) altitude to
25,140 lbm (11405 kg) at the 9203-n.mi (17,053 km) synchro-
nous altitude, an increase of 408%. With the intermediate
performance insulation, the shield allowable mass drops
roughly 50%. The allowable mass increases from 2560 lbm
(1160 kg) at the low altitude to 12,880 1bm (5840 kg) at the
synchronous altitude, a percentage increase of 403%. As the
insulation performance improves to the low kp value, the
allowable mass drops only slightly, ranging from 2170 lbm
(980 kg) to 10,880 lbm (4935 kg), a percentage increase of
402%.
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The shield allowable mass for the partial-recondensa-
tion mode is shown in Figure 5.4-7. The overall trend of
allowable mass increasing with increasing altitude and kp
value is similar to the vent mode results. However, the
magnitude of the allowable mass is less than one-half that
for the vent mode. With the lowest performance insulation,
the allowable mass ranges from 2410 lbm (1090 kg) at the low
altitude to 11,410 1bm (5170 kg), an increase of 373%. At
the other extreme, the highest-performance insulation, the
allowable mass ranges from 900 lbm (410 kg) to 4590 lbm
(2080 kg), a 410% 'increase.

The effect of Earth orbit staytime on the Mars-orbit
shield allowable mass is shown in Figure 5.4-8 for the vent
mode at the synchronous altitude. The results show no in-
fluence of staytime, regardless of insulation performance.
Increased staytime leads to additional boiloff and the
attendant increases in tank and insulation mass. However,
the increases are of the same order for both the shielded
and the unshielded stages since a shield is not deployed
during Earth orbit, Thus, the shield allowable mass is
not affected by the longer staytime.

In order to estimate the actual savings in IMIEO, esti-
mates of the Mars-orbit solar-shield-system mass were made
at a number of conditions. Again, the variation of shield-
system mass with the various study parameters was small,
and an average value of 495 lbm (225 kg) can be used as an
estimate at all conditions. Comparing this value with the
allowable mass data just discussed indicates that signifi-
cant savings in the IMIEO result except at the low-altitude,
high-insulation-performance condition. The maximum savings
occur at the high-altitude, high-kp -value case in the vent
mode (Figure 5.4-6), with an allowable mass of 25,100 lb
(11,400 kg). The factor relating the IMIEO to shield alTow-
able mass at the 9203-n.mi altitude is 3,32. Thus, the
savings in the IMIEO is 81,700 lbm (37,000 kg). The other
extreme is represented by the low-altitude, law-kp -value

I	 condition for the partial-recondensation mode, where the
allowable mass is 904 1bm (410 kg) and the factor relating
IMIEO to allowable mass is 3.1.8, With a shield system mass

{	 of 495 lbm the savings in the IMIEO is only 2300 1bm (590 kg).
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S E C T I O N 6

S U M M A R Y O F R E S U L T S
A N D C O N C L U S I O N S

The main objectives of this study are an assessment of
the problems associated with long-term storage of liquid
hydrogen and the effects of the basic parameters, propellant
storage modes, and systems on the stage thermal protection
systems and the vehicle IMIEO. In the preceding sections
the study results have been discussed with respect to

i. optimized propellant storage systems and the important trends
were noted. In this section the results are summarized and
conclusions drawn from the data are presented.

j'

	

	 Conclusions that relate directly to thermal protection
are presented in Subsection 6.1. This area is the main
concern of the study, but the results also have an impact
on two related areas - the mission parameters and the
structural concept. Implications of the results that relate
to these areas are presented in Subsections 6.2 and 6.3,
respectively.

An important general conclusion concerning the approach
to this study should be noted here. The wide ranges in
the basic parameters studied result in large variations in
the mass of the propellant storage system. With increased
storage system mass, the propellant loading must also in
crease, which itself increases the storage system mass since
a larger tank is required. These mass increases also have
an effect on the mass requirements of the lower stages and
may have a large effect on the sensitivity of the vehicle
IMIEO to the various subsystem masses. Thus, it is impera-
tive that the mass-buildup and mass-sensitivity analyses
correspond to the final propellant storage system%P-definition.
This approach was accomplished in the thermal protection

1	 system optimization computer program used in this study by
an iteration between the mass---buildup-sensitivity analysis

l	 and the thermal protection system optimization analysis.

l:	 6.1 THERMAL PROTECTION FINDINGS

Each of the basic study parameters (Earth orbit stay-
'	 time, insulation thermal performance, and Mars orbit alti-

tude), the propellant storage mode, and the solar shield
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have significant effects on the stage thermal protection
systems and the vehicle IMIEO. All of these variables are
interrelated to some extent as to their effects, and the
influence of each generally differs from stage to stage.
Therefore, this subsection is organized to present first the
conclusions with respect to the total Mars vehicle, and then
the conclusions related to the individual stages.

6.1.1 Total Vehicle

period in Earth
ration system mass
the vehicle IMIEO.
dependent upon
propellant storage

The problems arising from an extended
orbit are an increase in the thermal protei
requirements and the attendant increase in
The severity of these problems is strongly
the insulation thermal performance and the
mode.

IMIEO increases over the range of staytime vary from 1
to 26% of the short-staytime IMIEO, with the higher increases
associated with low-performance insulation. The largest
absolute IMIEO values are also associated with low-performance
insulation, ranging from 2.00 to 3.28 million lb m (0.91 to
1.49 million kg) over the range of staytime. In Subsection
6.2.4 it is shown that an upper limit on the vehicle IMIEO
can be established on the basis of a fixed number of modules
(four-module Earth Departure Stage) and the payload capa-
bility of the uprated Saturn V launch vehicle. This upper
limit ranges from 2.30 to 2.45 million lbm (1.04 to 1.11
million kg), increasing with increasing altitude. Thus, in
a number of cases at the high kp value, the vehicle IMIEO
exceeds this upper limit and at least one extra module is
required in the Earth Departure Stage.

The problem of extended staytime can also be stated in
terms of the propellant storage penalty, which represents
the mass of the components necessary to contain and protect
the propellant and the additional propellant required by
virtue of this mass. With low-performance insulation, this
penalty can reach 79% of the zero-mass-fraction vehicle IMIEO.
In other words, a significant portion of the vehicle mass
(in the above case, 44% of the actual vehicle IMIEO) is
related to propellant storage, By reducing the staytime
alone, this penalty can be reduced to 51% of the zero-mass-
fraction vehicle IMIEO, a mass reduction of 444,500 lbm
(201,600 kg).
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Improvement in the insulation thermal performance alone
will reduce IMIEO below the limit mentioned above. With
the highest currently quoted multilayer insulation perform-
ance (approximately 7.5x10- 5 Btu lbm/hr-ft4 - OR or 2.08x10-3
W kg/m4 -OK), the IMIEO is reduced to the range of 1.82 to

1	 2.42 million lbm (0.83 to 1.10 million kg), which is within
the above-mentioned limits. The propellant storage penalty
is also significantly reduced. For the same condition that
yielded the 79% penalty with low-performance insulation, the
penalty with intermediate performance is 28% of the zero-
mass-fraction IMIEO. In addition, improved insulation per-
formance reduces the effect of Earth orbit staytime. With
the performance mentioned above, the percentage increase in
IMIEO over the range of staytime is less than 6%. Further
improvement in the insulation performance is, of course,
beneficial, but the returns are limited. This trend was
noticed throughout the study and is one of the most siguifi-
cant findings; limited mass savings are realized as the
insulation performance is increased beyond the intermediate
kp value, which corresponds to the highest currently quoted

R	 multilayer Insulation performance.
s ';

There is still a significant difference in IMIEO be-
tween even the highest performance insulation case and the
adiabatic tank-wall case that represents the lower limit.
However, this difference is due to heat transfer through
penetrations and is not affected by the insulation per-
formance. Penetration heat transfer can be decreased only
through more effective design or reduction of the incident
radiation by such means as solar shields.

Influence of the propellant storage mode on the vehicle
IMIEO increases as the propellant heat transfer increases.

1	 At the highest kp value, use of the partial-recondensation
mode instead of the vent mode can, for the lower Mars orbit

!	 altitudes, reduce the IMIEO below the upper limit for a
four-module Earth Departure Stage. The maximum difference
in IMIEO between the vent and partial-recondensation modes

j	 is 519,000 1bm (236,000 kg) or 18.3% of the vent-mode IMIEO.
At the other extreme, high-performance insulation and a
shielded vehicle, the IMIEO difference is as low as 7150 lbm
(3240 kg). tinder these conditions, however, the partial-
recondensation system is effective only on the Mars Departure
Stage. The heat transfer to the propellant tanks of the
lower stages is below that required to raise the propellant
to the vent pressure, so boiloff does not occur from the
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lower stages. Percentage increases in IMIEO over the range
of staytime are also reduced by use of partial•recondensa-
tion systems. These increases are 25 to 50% less in the
partial-recondensation mode than in the vent mode, with the
larger reduction occurring at high kp values.

The altitude of the Mars parking orbit affects the
vehicle IMIEO in three different ways:

1. Mars Excursion Module Mass

2. Thermal environment

3. Energy requirements for the Mars
braking and departure maneuvers

Results of the study show that the variation in the Mars
Excursion Module mass dominates the other two factors with
respect to.the vehicle IMIEO. In all cases, the general
trend of IMIEO follows that of the Excursion Module mass,
increasing as the altitude increases, the magnitude of
the increase ranges from 13 to 24% of the low-altitude
value. The total propellant storage penalty for the Mars
vehicle, however, decreases with increasing altitude, re-
flecting the less severe thermal, environment of the Mars
Departure Stage at the higher altitudes and larger propellant
loadings on the lower stages.

Solar shields, deployed during Mars transfer and
Mars orbit, yield significant reductions in the value of
IMIEO, especially in combination with low-performance in-
sulation. Mass savings range as high as 342,700 lbm
(155,400 kg), which includes shield system masses of 950 lbm
(430 kg) for the Mars transfer shield and 495 lbm (225 kg)
for the Mars orbit shield. The effectiveness of the Mars
orbit shield is strongly dependent upon the Mars orbit
altitude. At the lower altitudes, the planetary components
of the incident radiation overshadow the beneficial aspects
of the solar shield. However, with low-performance insu-
lation, the savings in IMIEO attributable to the Mars orbit
solar shield at the 216-n.mi (400 km) altitude is 14,200 lbm
(6440 kg), after accounting for the solar shield system
mass.

One of the significant aspects of the solar shield is
its effect on the heat transfer through penetrations. By
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reduc;.ng the radiant energy incident upon the vehicle, the
solar shield tends to eliminate this component of the total
propellant heat transfer. During Mars transfer, for example,
when only direct solar radiation is incident upon the
vehicle, the spherical shield virtually eliminates the inci-
dent radiation and thus the penetration heat transfer. 	 In
an orbital environment, the shield is not effective against
the planetary components of the incident radiation and its
effect on the penetration heat transfer is reduced. This is
demonstrated by examining the percentage reduction in the
penetration heat transfer as a function of altitude for the
Mars orbit mission phase. The values range from 7.1% at
216 n.mi (400 km) to 56.5% at 9203 n.mi (17,053 km). As
the altitude increases, the planetary components of the
incident radiation are reduced, thereby enhancing the

t
	 effectiveness of the solar shield.

Estimates of the solar shield system masses showed
little variation, even over the wide ranges of the variables
investigated. Mass of the Mars transfer solar shield
system was estimated at 950 lbm (430 kg). For the Mars
orbit shield, the system mass was estimated to be 495 lbm
(225 kg).

6.1.2 Earth Departure Stage

The Earth Departure Stage is affected to a greater
degree by the Earth orbit staytime than the interplanetary
stages because its mission is restricted to Earth orbit,
where it encounters the most severe thermal environment of
the mission.	 Propellant storage penalties for the stage
increase with staytime; percent increases range from 8 to
143%, depending upon the insulation thermal performance, the
propellant storage mode, and, to a small extent, the Mars
orbit altitude.

The highest percentage increases are associated with
low-performance insulation. With the nonvent storage mode,
which yields the maximum 143% increase, the absolute value
of the stage propellant storage penalty ranges from 12.6%
to 30.6% of the zero-mass-fraction vehicle IMIEO. This
penalty can be reduced by use of a vent or partial-reconden-
sation thermal management system. However, greater benefit
is gained by ...sing higher-performance insulation. At the
intermediate kp value for example, the penalty is reduced
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to the range of 6.0% to 9.3%, in the nonvent mode. With the
highest insulation performance investigated during this study,
the penalty can be reduced to the range of 5.5% to 6.1%.
However, even under adiabatic conditions, which represents
the lower limit, the propellant storage penalty would be
5.1%.

The influence of propellant storage mode increases as
the insulation performance worsens. With the highest insu-
lation performance (lowest kp value), the vent pressure is
not reached even at the maximum staytime and the vent and
partial-recondensation modes cannot yield any benefit. Pro-
pellant storage mode effects are reflected in the performance
criteria for the vent and the partial-recondensation thermal
management systems. As mentioned, the vent and partial-
recondensation modes are undefined at the lowest kp value.
Even at the intermediate kp value, the allowable mass can
be computed only at the 270-day staytime, where the value
is only 390 lbm (177 kg). For the low-performance insula-
tion condition, the vent system allowable mass increases
from only 450 lbm (204 kg) to 8$,00 lbm (3990 kg) as the
staytime increases, on a per-tank basis. Allowable masses
for the partial-recondensation system are generally higher,
reachiiag a maximum of 27,900 lb m (12,600 kg) at the highest
kp value. Again, intermediate kp value results can be
evaluated only at the maximum 270-day staytime where the
allowable mass is 2000 lbm (920 kg).

Data quoted in this subsection correspond.to the 3238-
n.mi (6000 km) Mars orbit altitude. However, the altitude
has little effect on the propellant storage penalty of the
Earth Departure Stage and the results are similar at the
other altitudes. The general increase in IMIEO with alti-
tude noted earlier in Subsection 6.1.1 affects the Earth
Departure Stage mainly through increased propellant loadings
and, consequently, larger tanks. Thus, the propellant
storage component masses exhibit a small increase with alti-
tude while the component mass fractions and the propellant
storage penalty remain relatively unchanged:

Two methods of reducing the effect of the Earth orbit
staytime, the combination propellant storage mode and
orbital tanking, were examined during the study. However,
neither of these methods is applicable to the Earth Departure
Stage. The combination mode is equivalent functionally to
either the vent or the partial-recondensation mode for this
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stage since there is no nonvent period of operation beyond
Earth orbit. In the orbital tanking case, the optimum case
cannot be determined since there is no mission phase beyond
Earth orbit over which to perform the optimization. Quali-
tatively, the optimum insulation thickness can be defined as
zero, which corresponds to launching dry tanks. This appears
to be incompatible with the pressure-stabilized tank concept,
however.

6.1.3 Mars Braking Stage

Although Earth orbit staytime has less effect on the
propellant storage penalty of the Mars Braking Stage than
of the Earth Departure Stage, it remains a significant
factor. Percentage increases in the storage penalty due to
variations in the Braking Stage propellant storage system
range up to 119% as the staytime increases from 60 to 180
days, depending upon the insulation thermal performance,
the propellant storage mode, and whether the stage is

^-	 shielded. The higher percentage increases occur for the
shielded stage with low-performance insulation; the pro-
pellant heating history under these conditions is domi-
nated by the Earth orbital storage period since the solar
shield reduces the heat transfer during Mars transfer to a
negligible amount.

For the unshielded stage, the propellant storage penalty
ranges from a minimum of 3.9% of the zero-mass-fraction IMIEO
to a maximum of 23.7%. This compares with the lower limit
representing the adiabatic tank-wall case of 3.3%. Insula-
tion thermal performance has a greater effect on the stage
propellant storage penalty than any of the other study
variables. The penalty is especially sensitive to insula-
tion performance at the higher kp values. Improving the
insulation performance from the highest kp value to the
intermediate value of 7.5x10 -5 Btu lbm/hr-ft4-OR (2.08x10-3
W kg/m4-OK) reduces the penalty as much as 70%. Typical
values range from 3.9 to 7.4%, which are comparable to the

j_	 limiting values for the adiabatic case (3.3% to 3.9%, depend-
ing upon the Mars orbit altitude). Some further penalty

I'	 reduction is obtained as the kp value decreases to the lowest
value investigated; typical storage penalties at this condi-
tion range from 3.9 to 5.5%.
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The mode of propellant storage becomes a more important
factor as the propellant heat transfer increases. With low-
performance insulation, the propellant storage penalty for
the vent mode is as much as 20% below that for the nonvent
mode. The partial-recondensation mode offers even greater
savings, up to 47% as compared to the nonvent mode. As the
insulation performance improves, the mass savings gained
through the vent and partial-recondensation modes is much
reduced. At the lowest kp value, these modes cannot be
defined over the entire range of Earth orbit staytime since
the vent pressure is not reached at the shorter staytimes.
For the 9203-n.mi (17,053 km) altitude condition, the vent
pressure is not reached even at the maximum staytime of 180
days.

Orbital tanking and the combination storage modes offer
significant mass savings only when combined with the lowest-
performance insulation. Tanking allows a substantial
extension of the Earth orbit staytime; maximum staytimes of
885 and 1440 days were determined for the vent and parti.al-
recondensation modes, respectively. However, these maxima
correspond to boiloff of the complete propellant loading,
which is probably not compatible with the pressure-stabilized
tank concept. Nevertheless, partial tanking would effect
considerable extension of the staytime.

Mars orbit altitude has very little effect on the pro-
pellant storage penalty for the unshielded Mars Braking
Stage. Although the stage size increases as the altitude
increases, the propellant storage penalty is little
changed.

The Mars transfer solar shield has a substantial im-
pact upon the Braking ,Stage propellant storage penalty and
reduces the magnitude of the effects of the other study
variables. Values of the propellant storage penalty are
reduced as much as 57%, relative to the unshielded stage,
and range from 3.6 to 14.8% of the zero-mass-fraction
IMIEO. The effect of the shield on insulation performance
requirements is especially significant. Even with the
lowest-performance insulation, storage penalties as low as
6% result. With higher-performance insulation, the penalty
approaches the limiting value corresponding to the adiabatic
tank wall quite closely.
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Use of the solar shield may affect the choice of pro-
pellant storage mode. For example, with low-performance
insulation the storage penalty for the shielded stage in the
nonvent mode is comparable to that of the unshielded stage
in the partial-recondensation mode. With improved insulation
performance, the storage penalties for all modes are generally
equal; the vent pressure is not reached and no boiloff results.

6.1.4 Mars Departure Stage

The length of the Earth orbital storage period has
little effect on the propellant storage system of the Mars
Departure Stage. Under the most extreme conditions, the
percentage increase in storage penalty over the range of

(	 staytime is less than 10% of the zero-mass-fraction IMIEO
value. Rather, the propellant heating history is dominated
by the 510-day period in Mars orbit, for both the unshielded
and the shielded stages. The long mission time and resulting
high heat transfer make the propellant storage mode and the
insulation thermal performance-of equal importance with
respect to propellant storage penalty. In fact, the nonvent
storage mode is not feasible for this stage under any con-
ditions. Even the least extreme case (shielded stage) yields
a final tank pressure of 37 psis (25.5 N/cm2).

In the unshielded case, the propellant storage penalty
ranges from 2..3% to 19.3% of the zero-mass-fraction IMIEO.
This compares with the penalty corresponding to the adia-
batic tank-wall condition, which ranges from 1.1% to 0.8%
as the altitude increases. The importance of the insulation
performance is shown by the percentage increases in storage
penalty over the range of insulation performance, which are
of the magnitude of 150%. Again, the penalty is most sen-
sitive to insulation performance in the upper range of kp
values. However, even with the highest insulation perform-
ance, the storage penalty is 45% greater than the penalty
for the adiabatic case. This large difference is due to
the combination of penetration heat transfer and long
mission time, neither of which is affected by the insulation
performance.

Propellant storage mode is an important consideration
for the Mars Departure Stage under all conditions, As men-
tioned earlier, the nonvent mode results in a high ► tank

I pressure under the most favorable conditions and is not
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considered a feasible storage mode for this stage. The
partial-recondensation mode yields savings in the propellant
storage penalty over the vent mode in all of the cases
studied; the percentage decrease in storage penalty is
roughly the same at all conditions for the unshielded stage,
ranging from 45 to 49%. At the intermediate kp value, a
greater reduction in storage penalty can be achieved by
changing the storage mode from vent to partial-recondensation
than by improving the insulation performance to the lowest
kp value studied. This. is another effect of the penetra-
tion heat transfer and the long mission time. The partial-
recondensation system is effective with respect to heat
transferred through penetrations as well as that transferred
through the tank-wall insulation. Insulation performance,
on the other hand, has no effect on the penetration heat
transfer.

The altitude of the Mars parking orbit has considerable
influence on the stage propellant storage penalty. At all
kp values, the penalty in both the vent and the partial-
recondensation storage modes is reduced roughly 40% as the
altitude increases from 216 n.mi (400 km) to 9203 n.mi
(17,053 km). This is due to the less severe thermal en-
vironment at the higher altitudes.

In the same manner, the solar shields deployed during
Mars transfer and Mars orbit have a strong impact on the
propellant storage penalty of the Mars Departure Stage.
Percentage reductions in the penalty are significant at all
conditions; for the vent mode, they increase from 23% to
59% as the altitude increases, while showing little varia-
tion with insulation performance. For the partial-reconden-
satio* mode, the percentage reductions are somewhat lower,
increasing from 18% to 46% as the altitude increases.
Again, insulation performance has little effect. The
effectiveness of the Mars orbit shield is dependent upon
the altitude. At low altitudes, the bulk of the percentage
reductions mentioned above are attributable to the Mars
transfer shield. As the altitude increases, the Mars orbit
shield becomes more effective, and at the higher altitudes,
more than one-half of the penalty reduction is due to the
Mars orbit shield.

Although the percentage reductions in storage penalty
attributable to the shield are significant at all conditions,
the small size of the Mars Departure Stage affects the
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f	 magnitude of the mass savings. The maximum savings occur in
the high-altitude, low-performance-insulation case where the
IMIEO is reduced 81,800 lbm (37,100 kg) in the vent mode
and 36,200 lbm (16,400 kg) in the partial-recondensation
mode. At the other extreme, the low-altitude, high-
performance-insulation condition, the savings in IMIEO is
only 5330 lbm (2420 kg) and 1300 lbm (590 kg), for the vent
and the partial-recondensation modes, respectively.

6.2 MISSION PARAMETER IMPLICATIONS

The primary effort in this study concerns the stage
thermal protection system. However, two of the basic par-
ameters, Earth orbit staytime and Mars orbit altitude, are
also mission parameters. In addition, the other variables
may have an indirect effect on the mission parameters since
they influence the stage and vehicle size. Thus it is
important to examine the results of this study with respect
to the mission parameters to ascertain the impact upon
those parameters.

6.2.1 Earth Orbit

6.2.1.1 Orbit Staytime

From a mission viewpoint, the primary factors which
influence orbit staytime are related to launch and orbit
operations. Launch operations include such factors as
ground assembly and facility turnaround time, which depend
on the number of launches required and the available launch
facilities. Orbital operations include vehicle assembly,
checkout, and tanking. The launch operations, especially
the turnaround time, is considered the dominant factor in
establishing Earth orbit staytime.

Complex 39 is the launch facility being built for the
Saturn V/Apollo lunar landing program. The f..<ic ility in-
cludes a vertical assembly building (VAB) with three out-
fitted high bay areas, three mobile launchers, two launch
pads, two transporters and one mobile service structure.
A fourth high bay is available but is not outfitted. This
launch facility can be modified for use with the uprated
Saturn V launch vehicle assumed for this study. Estimated
turnaround time for the present facility is three to four
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months with the present ground equipment (Refs. 6-1 and
6-2). This includes assembly time in the VAB (about 9
weeks), time on the pad before launch (about 2 weeks), and
time to refurbish the mobile launcher and the pad (2 to 3
weeks). With three high bay areas, this turnaround time
implies a waiting period of three to four months between
each group of three launches.

The order of launches assumed for this study begins
with the modules of the Earth Departure Stage. The modules
of the Mars Braking Stage are then launched, followed by the
Mars Departure Stage module. This order minimizes the pro-
pellant storage time for the Mars Departure Stage. The
vehicle has a total of seven modules. If the present three
high bay areas are available, the first Earth Departure Stage
module would be in orbit six to eight months longer than
the Mars Departure Stage module. Therefore, the higher
values of the Earth-orbit-staytime range investigated in
this study are consistent with the present launch facility.

If the fourth high bay area is outfitted, the time span
between the launch of the first Earth Departure Stage module
and that of the Mars Departure Stage module could be reduced
to 90 - 120 days. This corresponds to the intermediate
values of Earth orbit staytime used in the study. The lower
values in the range of Earth orbit staytime probably could
be attained by extensive expansion of the launch facilities
or by significantly reducing the turnaround time. If the
turnaround time could not be reduced, an additional VAB
with the associated equipment would have to be added.

In summary, a cursory study of the effects of launch
and orbit operations on Earth orbit staytime indicates that
the higher values of staytime are consistent with present
launch facilities and that the lower values of staytime
could be attained only by extensive expansion of the launch
facilities or by significantly reducing the turnaround time.
It is important to note that the turnaround time estimate is
based on existing facilities and that some projected facility
capabilities (Ref. 6-3) indicate that this time could
be significantly reduced.

6.2.1.2 Orbit Geometry

The mission parameters related to Earth orbit geometry
are the altitude and the inclination, both of which were
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fixed in this study. The assembly orbit altitude of 262 n.mi
(485 km) is commonly assumed for assembly of nuclear modules
for interplanetary missions. The inclination was defined to
be approximately equal to Lhe absolute value of the declina-
tion of the departure asymptote for the mission (the inclina-
tion must be g-eater than or equal to the declination for
coplanar departure).

From a mission viewpoint, the orbit geometry should also
be selected on the basis of launch and orbit phasing re-
quirements. The flight profile to the assembly orbit con-
sists of a direct ascent to a low-altitude parking orbit
followed by a Hohmann transfer to the assembly orbit. It is
desirable to have two coplanar launch opportunities each
day and to minimize the time in the low-altitude parking
orbit by proper phasing. Also, it is necessary that the
assembly orbit altitude have an adequate lifetime for ve-
hicle assembly.

6.2.2 Mars Orbit

6.2.2.1 Orbit Altitude

One objective of this study was to determine the effect
of Mars orbit altitude on IMIEO. The possibility of an
optimum altitude existed since the altitude affects thermal

_	 protection requirements, Mars Excursion Module (MEM) mass
requirements, and mission propellant requirements. The
effects of Mars orbit altitude on thermal protection require-,
ments have been discussed previously. The propellant heating
and,,hence, the thermal protection requirements of the Mars
Departure Stage decrease as orbit altitude is increased.
If all other factors were equal, this variation would cause
IMIEO to decrease as the altitude increases.

The mission propellant loadings depend on the energy
or AV requirements of the Mars Braking Stage and the Mars
Departure Stage. The variation of the velocity change with
altitude is presented in Figure 6.2-1 for both maneuvers.
The AV requirement consists of an ideal AV based on the
hyperbolic excess speed plus allowances for small plane
changes, gravity losses, and performance reserves. For a
given hyperbolic excess speed, the ideal AV requirements
vary with altitude and, with direct entry into (or departure

'.	 from) a circular orbit, reach a minimum at the radius for
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which the escape speed equals the hyperbolic excess speed.
The altitude where the sum of the AV's is a minimum is
approximately 3000 n.mi (5560 km). If all other factors
were equal, IMIEO should be minimized at approximately the
same altitude.

3e on MEM mass is pre-
the MEM increases as
increased propellant
all other factors were
cause IMIEO to increase

The effect of Mars orbit altitui
sented in Figure 3.2-5. The mass of
altitude is increased because of the
necessary to ascend and descend. If
equal, this MEM mass variation would
as altitude is increased.

The variation of IMIEO with Mars orbit altitude is pre-
sented in the figures of Subsection 4.1. For a vehicle with
a propellant storage system mass of zero, the variation is
presented in Figure 4.1-13. These data show the effects of
the mission AV requirements and the Mai mass on IMIEO with-
out thermal effects. Since IMIEO increases as the altitude
is increased, these data indicate that the MEM mass varia-
tion dominates the mission energy variation. The variation
of IMIEO with Mars orbit altitude when the effects of the
thermal environment are included is presented in other
figures in Section 4. In all of the data presented, the
trend is that IMIEO increases with altitude. This indicates
that the MEM mass variation dominates the thermal environ-
ment effects as well as the mission AV requirements. There-
fore, from a mission viewpoint, a low-altitude Mars orbit
should be selected in order to minimize IMIEO.

6.2.2.2 Orbit Orientation

The equatorial inclinations of the Mars orbit were
selected by the requirement that the resulting orbit pre-
cession during the staytime yielded the correct orientation
for a coplanar departure from orbit. When more than one
inclination satisfied this requirement, a high inclination
posigrade orbit was selected to obtain more complete planet
coverage for reconnaissance and to allow selection of a
landing site over a wide range of latitudes.

The effect of orbit orientation on thermal protection
requirements is a function of the inclination of the orbit
to the terminator. A typical variation of the inclination
to the terminator with staytime is presented in Figure 6.2-2.
For long staytimes in Mars orbit, the variation is sinusoidal
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and covers a wide range of inclinations. The net result is
that the orbit orientation is of minor importance from a
thermal protection viewpoint. For long staytimes then, the
Mars orbit orientation should be selected from mission con-
siderations rather than thermal considerations.

6.2,3 Interplanetary Legs

Factors classified as interplanetary mission parameters
include (1) time during the outbound and inbound legs, (2)
distance from the sun, (3) vehicle orientation requirements,
and (4) guidance correction requirements. Only vehicle
orientation requirements were varied in this study, while
the other parameters were fixed by the selected mission.
A broadside orientation with respect to the sun was assumed
except when the Mars transfer solar shield would be deployed.
With a shield, the vehicle is oriented with its longitudinal
axis toward the sun except during periods of guidance
correction. A broadside orientation is assumed for the total
duration of each guidance correction.

For the reference mission (and most conjunction-class
missions), the inbound phase of the mission is of minor
importance with regard to vehicle mass and thermal protection
requirements. The relatively low entry speeds at Earth
arrival make it possible to use atmospheric braking and omit
an Earth braking stage. When a solar shield is used during
the outbound leg, the vehicle orientation and guidance cor-
rection requirements are more important considerations than

 the outbound time and distance from the sun. This is because
(1) the longitudinal axis must be oriented toward the sun,
and (2) a broadside orientation is assumed during periods of
guidance corrections. Obviously, when a solar shield is
not used, the outbound time and distance from the sun are
important considerations.

i

	

	 6.2.4 Vehicle Mass Requirements

6,2.4.1 IMIEO

A parametric study of an interplanetary mission re-
quires certain assumptions with regard to energy and payload
requirements, and these assumptions can have considerable
effect on IMIEO. For example, the energy requirements used
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in this study are not the minimum values that could be
assumed because allowances for plane changes, gravity losses,
and performance reserves are included. If minimum AV re-
quirements are assumed, the values of IMIEO are significantly
reduced, as shown in Figure 6.2-3. Thus, in a parametric
study, primary emphasis should be placed on the variations
of IMIEO rather than on the absolute values of IMIEO. How-
ever, when a large quantity of parametric data is generated,
it is desirable to determine where the data are most con-
sistent with the study assumptions. Also, to make the data
more useful, it is desirable to define some maximum value
of IMIEO so that the least feasible systems can be noted.

For this study, the propellant requirements and the
launch-vehicle payload capability dictated a four-module
Earth Departure Stage. If the combined mass of the four
modules for a given set of conditions exceeds the payload
capability of four launch vehicles, an additional fifth
nuclear module would be required. When an additional module
i5 required, the fixed masses for the Earth Departure Stage
used in the mass build-up should be increased to account
for the additional clustering structure, piping, etc. Since
all of the vehicles were sized assuming four modules, this
implies that possibly some of the larger values of IMIEO,
beyond some limiting value, are optimistic.

Ranges of IMIEO that are consistent with the assumption
of a four-module Earth Departure Stage were obtained on the
basis of an allowable mass for that stage that varies from
939 0 000 lbm (426,000 kg) to 1,250,000 lbm (558,000 kg). The
upper limit represents the mass where the number of modules
would have to be increased from four to five and the lower
limit represents the mass where the number of modules could
be decreased from four to three. Note that these limits
are not even multiples of the payload capability of the up-
rated Saturn V launch vehicle (330,000 lb.). Each module
has an ascent shell which has generally not been included in
the IMIEO values presented in this report. Therefore, the
allowable mass limits have been reduced by the mass of the
ascent shell (17,000 1bm or 7710 kg for the Earth Departure
Stage modules). The resultant range of IMIEO is shown in
Figure 6.2-4 as a function of Mars orbit altitude. The
variation of the IMIEO range with altitude is caused mainly
by the variation in the Mars Excursion Module mass.
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6.2.4.2	 Earth Launch Vehicles

A minimum number of Earth launches is desirable in
order to minimize mission cost and operational requirements.
The Earth Launch Vehicle (ELV) assumed for this study is an
uprated Saturn V with a payload capability of 330,000 lbm
(150,000 kg) to a 262 n.mi (485 km) circular orbit. 	 At least
eight launches are required for the Mars vehicle considered
in this study.	 In order to utilize the minimum number of
ELV I S, some components of the vehicle (mid-course systems,
attitude control systems, payload) would have to be launched
by the same ELV that launches one of the nuclear modules.
Since this may be undesirable from an operational viewpoint,
or the available volume may be exceeded, nine ELV

I S probably
will be needed.	 These are enumerated, according to the major
components of the Mars vehicle, below:

Earth Departure Stage - 4 ELVIS

L Mars Braking Stage - 2 ELVIS

Mars Departure Stage - 1 ELV

r4 Mars Excursion Module - 1 ELV

Other components - 1 ELV

Vehicle components such as mid-course correction systems,
attitude control systems, the Mission Module, and the Earth
Entry Module are included in the "other components" of the

4f': above breakdown.	 If the values of IMIEO exceed the upper
limits of the ranges of IMIEO shown in Figure 6.2-4, an-
other launch vehicle would be required for the Earth De-
parture Stage.	 In some of the cases examined in this study,
particularly with low-performance insulation, the values
of IMIEO do exceed these upper limits. 	 Therefore, it can
be concluded that the characteristics of the thermal pro-
tection system have an effect on launch vehicle requirements.

6.2.5	 Other Planetary Missions

General results of this study	 applyly to otherP
conjunction-class missions, mainly because the mission
energy requirements do not have large variations from year
to year.	 There is some variation in staytime . in Mars orbit
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which would change the thermal protection penalties for the
Mars Departure Stage. However, the relative effects of the
study parameters (Earth orbit staytime, Mars orbit altitude,
and insulation thermal performance), the propellant storage
mode, and the solar shields should not be significantly
changed.

The other major class of Mars missions is the opposition
class. The staytime at Mars is short (about 30 days) and
the mission energy requirements are usually larger than the
requirements for conjunction-class missions. In addition,
there is a large variation in energy requirements over a
synodic period. The results of this study with regard to
the Mars Departure Stage are probably not applicable to
opposition-class missions because of the large difference
in staytime at Mars and in stage propellant loading. However,
the effects of the study variables on the Earth Departure
Stage and the Mars Braking Stage are applicable.

Other planetary missions where nuclear modules could be
used include Mars flyby, Venus flyby, and Venus stopover
missions. The relative effects of Earth orbit staytime,
insulation thermal performance, and propellant storage mode
on the Earth Departure Stage should also be applicable to
these missions.
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6.3	 STRUCTURAL IMPLICATIONS

Results of the parametric study have been reviewed to
verify the structural integrity of the Mars vehicle.	 In all
cases, the tank-wall thicknesses are of such magnitude that
the tank diameter-to-wall-thickness ratio falls within the
range appropriate to the membrane analogy. 	 This confirms
the assumption of a uniform stress distribution under pressure
and/or axial loading.

A simplified stress analysis of the critical load con-
ditions (Volume 2, Appendix B) showed that the expected loads
can be sustained using the selected design concept of a
load-carrying outer shell. 	 The worst case corresponds to the
unshielded vehicle with low-performance insulation in the
vent mode (maximum staytime, high Mars orbit altitude).	 Of
the three stages, the Earth Departure Stage modules sustain
the highest loadings.

The highest tank-wall stress, with a margin-of-safety of
approximately 42%, is produced by the Earth launch condition.
Dynamic loads (attitude control, wind, sloshing, etc.) which
are superimposed on the longitudinal acceleration effects were
not taken into account.	 Fortunately, the maximum dynamic
loadings do not occur simultaneously with the maximum acceler-
ations.	 Thus, the 42% margin is considered to be sufficient
to account for the combined loads.

In the interest of minimizing the vehicle mass, the tank
wall has also been incorporated into the meteoroid protection
system.	 Thickness requirements for meteoroid protection are,
in all cases, well below those established by the minimum
tank design pressure.	 This approach allows most of the mass
associated with meteoroid protection to be jettisoned before
the propulsive maneuvers, thereby reducing propellant re-
quirements and the vehicle mass.
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R E C 0 M M E N D A T 1 0 N S

Based on the results of the current study, the follow-
ing recommendations should be considered in planning future
programs related to manned interplanetary missions.

1. Development work on multilayer insulation systems
should be aimed at achieving the highest currently
quoted performance (kp = 7.5x10 -5 'Btu lbm/hr-ft4. -OR
or 2.08x10 -3 W kg/m4 -OK) in the installed con-
figuration.

2. Continued development of vent and partial-
recondensation thermal management systems is
necessary, since these systems will be required
on the upper stages of manned interplanetary
vehicles.

3. Vehicle orientation requirements and guidance
correction requirements need to be defined to
aid in the determination of the practicability
of solar shields.

4. Effects of Earth orbit altitude should be
investigated. Higher altitudes may reduce
thermal protection system mass requirements,
but the payload capability of the Earth launch
vehicle is reduced and restrictions may be
imposed on launch and orbit operations.

5. Detailed analyses of launch and orbit opera-
tions and their effects on Earth orbit staytime
should be conducted, and the implications of
changing the order of launches should be investi-
gated (e.g., launching the Earth Departure Stage
modules last rather than first).

6. The use of elliptical Mars orbits, rather than
circular, should be studied, since they allow
improved reconnaissance (i.e., observation of
the planet over a range of altitudes) and reduced
AV requirements for Mars braking and departure.
However, the Mars Excursion Module mass require-
ments would be increased due to the increased AV
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6. (Cont'd)
required to deorbit from and ascend to the
higher-energy elliptical orbits.

7. The effects of cryogenic propulsion systems for
the MEM should be investigated. Although the mass
of the MEM could be reduced significantly, the
problems associated with long-duration storage of
cryogenic propellants on the surface of Mars may
be formidable.

8. The Earth launch phase should be studied to estab-
lish the minimum acceptable ullage pressure to
combine with the dynamic loads associated with
ascent.

9. A study of the effects of meteoroid impingement
on the structural integrity of tank walls should
be made. This study should include the effects
of pock-marking or cratering when the wall
material is at cryogenic temperatures. Some
attempt should be made at establishing acceptable
cratering depths and diameters.
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