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THE APOLLO AUXILIARY POWER SUPPLY SYSTEM
SUMMARY

This pgper documents the basic evalustions and considerations which
favor the selection of a full-time fuel-cell system for the Apollo.power
gsupply. A comparatlve analysis is made of a full-time fuel-cell system
‘with two additional systems consisting of combinations of fuel cells and
solar cells. 'The analysis considers concepts such as redundancy, crew
participation, mission and envirommental restralnts, yehicle integration,
and available trade-offs. Representative electrical-power profiles are
presented, including peak-power levels and emergency-power levels. The,
Apollo power supply is examined for the earth-orbital, clircumlunar,
lunar-orblting, and lunar-landing mission. The selection of a full~time
fuel-cell system may or may not offer comparative weight advantages,
depending upon the final trade-offs utilized. However, the weight
penalties involved are of small consequence when compared to the inherent
advantages of utilizing a full-time fuel-cell system for all phases of
the Apollo mission.

INTRODUCTION

BEarlier assessments (ref. 1) of emergy conversion technologies led «
to0 a general conclusion that the following systems merited the strongest
congiderations for the Apollo suxiliary power system:

1., Hydrogen-oxygen fuel cell
2. Hydrogen-oxygen internal combustion ‘engine
3. Sildcon solar cell

The above study focused primarily on state of the art and weight
comparisons of auxiliary power systems per se; and avoided final con-.
siderations attendant to actual spacecraft applications. This restricted
approach resulted in an early identiflcation of promising conversion
technologies and thelr related development requirements. The acceler~
ated emphasis on the Apollo program and the establishment of lunar-landing
goals alter these initial concepts and precipltate the need for an
imnediate commitment to an suxiliary power supply system for the program.

Thus, final considerationg of redundancy, mission restraints,
trade~offs and spacecraft integration must be introduced and their rela-
tive merit must be established before a valid selection of a power supply



may -be made. The selection must also be sensitive to the power profile
for the mission, where heat demands are compatible with ovexlosd
allowances, and where emergency power demands are within capabilibies of
regerve of redundant componénts. Examination mugt be made of all con-
templated phases of the Apcllo mission for identification of the con-
trolling parameters. )

Within this framework, the selectlion of an auxlliary power supply
mzst be made, a selection which cannot be committed to singular con-
siderations.

DISCUSSION

Electrical Power Profile

Nominal mission.- Estimated electrical power requirements for the
nominal, 14-day, lunar-landing mission are tgbulated in table I and are
depicted graphically in figures 1, 2, and 3. From this information, .
certain conclusions have been drawn, which serve to establish the basic
power-generating reguirements for the Apollo electrical power system,
These conelusions are summarized as follows:

(a) The total electrical energy requirement for the nominal, 1l-day,
lunar-landing mission will be approximately 500,000 watt-hours.

(b) The power system must be capable of supplying an average load
of approximately 1,500 watts continuously throughout the mission, with
Intermittent operation at loads up to 2,400 watts for relatively short
periods (2 hours or less).

(e) The peak power requirement will be approximately 3,500 watts,
oceurring during lunar-landing operations for a total period of approx-
imately 150 seconds.

(d) Electrical power fequirement during the reentry landing and
recovery phases of the mission will be approximately 8, 700 watt-hours.

Emergency power.- Emergency-electrical power requirements, i.e.,
the minimum electrical power level which would permit safe return of the
spacecraft and occupants to earth from any point in the lunar-landing
mission, are tesbulated in table IT, and depicted graphically in figure 4.
The most severe circumstance, that of experiencing a major power system
" failure while on the lunar surface, was selected for the emergency power
study. Under these conditions, it is essumed, of course, that the crew
will curtail powér use to the fullest possible extent and closely mansge
the utilization of electrical equipment to minimize peak power loads.




On this basis, it is coneluded that the electrical power system must
have these emergency capabilities:

(a) Supply = total of 48,000 watt-hours during the emergency trans-
earth £light, of which approximately 1,100 watt-hours would be required
during the reentry/recovery phase:

(b) Operate at a continuous lgad of approximately 600 watts through-
out the flight. Occasional limitedrduration.peak loads zbove 600 watts
“eould readily be absorbed by the reentry/recovery‘hatteries, without
necessitating recharging the batteries prior to reentry’by'utilizing
thelr reserve. )

Mission Restraints

Mission compatibility.- Having established an understanding for the
electrical power profiles involved, the continued analysis must be
directed toward tangible power systems. DBefore these comparabive systems
are defined, a brief discussion of specifie mission restraints should be
established. Such discussion will have direct bearing on the synthesis
of composgite power systems.

Ore major criterion for any asuxilisry power system considered for
Apolio should be the compatibility of that system with all phases of the
Apollo program. The case of the lungr-landing mission injects stringent
requirements upon the suxilisry power system from both kinetic and
thermodynemic areas,

Kinetic restraints.- Consgidering kinetic problems, a retrograde
rocket descent to the lunar surface would impose certain deceleration
and impact loads to the vehicle; while the high velocity impingement of
the rocket blagt on the lunar surfasce would produce sandblasting and
dusting conditions. The alternstive of using a retract@bie solar array
would seriously reduce system reliability. In addition, design conflicts-
would be introduced, particularly where large area solar Arrays would
compete, with thermal-control radiators and, communications antennas for
the limited external surface area of the space vehicle.

Thermal environment restraints.-~ The temperature-time wyeriation of
the lunar surface will influence the selection of a power system. The
logiecal landing time, assuming the landing point is on the lunar egua-
torial plane, would be at lunar daybreak. This would compromise the
requirement of light for visgual obseryation with the rate of increase of
the lunar surface temperature ag related to the stay ecapability of the
vehicle. A solar panel, in this situation, would require -a differential

tracking system redative to the vehilcle. This greatly increases the
complexity of the deployment mechanism. With the subsolar temperature




approaching 250° F within 7 days after landing, reflective insulation
must be applied to the back side of the solar-array panels in order to
limit the increase in solar-cell ftemperatures. Since the efficlency of
gilicon solar cells decregses as & linear function of temperature, an
oversize array would be reqQquired to compensate for the resultant loss of
solar-cell output associated with the lunar temperature environment and
may be larger than required for orbit cycling.

. Thermodynamic restraints.~ Examination must now be made of the
auwxiliary power systems contemplated and their heat rejection capability
on the lunar surface. The hydrogen-oxygen fuel cell and the hydrogen-
oxygen internal-combustion engine were previously identified. To this
list, a more recent proposal of g thermally-integrated hydrogen expansion
engine could be asdded. As established in reference 2, the thermal
control system related to the man-enviromment interface, will demand
specialized treatment for the low temperature heat rejection systems.
Every reasonable effort should, therefore, be made to prevent the energy
conversion losses of the auxiliary power system from appearing as waste
heat in the low temperature heat rejection system. Of the three Internal
power systems introduced, an order of decreaging heat-rejection capa-
bility would exist as follows: A.thermally-integrated cryogenic-hydrogen
expansion system, an open-cycle hydrogen-oxygen internal-combustion
engine, an intermediate temperature hydrogen-oxygen fuel cell, and a low
temperature hydrogen-oxygen fuel ecell. However, further considerations
are required before relative merits may be discerned for this factor.
These considerations are discussed for the above systems as follows:

{a) Thermally~integrated hydrogen system.- While.the all-hydrogen
system promises adequate thermal capacity, it should be noted that its
requirement for return heat loads is mandatory, rather than optimal.

A question ig, therefore, raised concerning system flexibility. . The
bulk storage of an all-hydrogen system would be difficult to accommodate
in the Apollo vehiele, with 160 cubic feet of propellant storage required
as contrasted to 26 cubic feet of propellant storage associated with an
equivalent fuel-cell system. In order to realize an acceptable propel-
lant-consumption rate, the hydrogen cycle must be initiated from a high
pressure level. This in turn denotes the ingbility of the system to
accept low-pressure bolloff's from other hydrogen storage systems, if
existent. Water production would be available only in minute quantities,
as assoclated with a catalytic burner incorporasted in the heat regener-
ation loop.

(1) Hydrogen-oxygen internal cambustion engine.- Heat rejection in
the open~cycle hydrogen-oxygen internal combustion engine is accomplished
by direct expansion of exhaust products into the space enviromment. An
open~cycle heat engine 1s, therefore, sensitive to discherge pressures,
rather than to radiative heat loads. However, where condensation of
exhaust water is sought, a condensing radiator must be added. Generally,




the optimum oxygen-hydrogen welight ratios for such engines occur at
approximately 2 to 1 for dusl stage concepts. The high excess of hydro-
gen gas 1n the exhaust stream, coupled with low total discharge pressures,
results in a low partlal pressure and subsequent low saturation tempera-
tures for the exhaust water vapor. Hence, condensation of the water
vapor would.begin near T0° F and approach %2° F for major extraction of
exhaust water. Efforts have been expended to adopt these engines to
low-pressure hydrogen and oxygen boiloffs, conceivably available from
propulsion systems. However, the advantages of using boiloffs are quickly.
dispelied by an unacceptable compromise of propellant consumption rates
and system complexity. The propellant consumptlon rate is identified as
the controlling factor, sirnce there is no guarantee that propulsion
system hydrogen-~oxygen boiloffs will be ayailable at the present time.
Generally, for the oxygen-hydrogen internal combustion engines to dgpproach
the low propellant rates demonstrated for fuel cells, a component come
plexity is introduced which inveolves concepts such as small-displacement
high-pressure cryogenic pumps, low-temperature hydrogen-gas compressors

or other difficult concepts. )

(c) Hydrogen-oxygen fuel cells.- At least six major industrial con-
cerns are developing fuel cells which have been identified with possible
applications toward the Apollo power supply. It will not be attempied
in this paper to discern the technical points of emphagis of These cells,
but will remain in a broad thermodynamic concept weighing heat rejection
capabilities of the low-pressure hydrogen~oxygen fuel .cell. A1l of these
cells are recephbive to low-pressure hydrogen and oxygen boiloffs, if
available.

Concerning first a "Bacon-type"” fuel cell operating near 500° F and
15 psia, heat rejection occurs in a wet hydrogen radiator-condenser loop-
During operation at rated power, both hydrogen and excess water vapor are
continually recirculgted through the fuel cell and radiator-~condenser
loop. The ratio of these constituents is determined by the fact that the
hydrogen will be saturated with water vapor at exit conditions of the
condenser- radiator. On one side of this balance, the mixture of hydrogen
gas and residual water vapor enters the hydrogen compartment of the
fuel cell at 100° F, The mixbure 1s subsequently heated to 500° F as it
Passes over the hydrogen electrode. At the same time, the produet water
vapor from the over-all cell reaction is formed at the interface of the
hydrogen and electrolyte within the porous electrode. The vapor so
formed diffuses wilthin the circulating mixture. Since the total pressure
of the mixbture entering and leaving the fuel cell (and alsc the condenser)
remains unchanged, the relative increase in water vapor content of the
mixture leaving the fuel cell and entering the condenser results in an
increase in the partial pressure of the water vapor.

Two distinct zones of heat rejection are, therefore, implied: one
in which heat is rejected as sensible heat of the total mixture, and one



in which latent heat of condensation ig predominant. By proper selection
of the mixture ratios, oyer one-half of the total heat load can.be
rejected as sensible heat from 500° F to the dew point at approximately
1%5° F, with the remaining heat rejection occurring in a condenser section
operated from 135° F to 100° F. The lower cuboff point is matched to

the desired partial pressure of the return mixture to the fuel cell
ecrmensurate with a balanced water removal rate.

) The significant capability noted for the luntermediste temperature
fuel-cell system dis that the heat rejection leoon approaches o self-
sufficient condition when matched to the lunar thermsl enviromment.
Preliminary studies (ref. 2) indicate that the net radiative rejection

of a verticgl radiator panel, unshielded and operating on the lunar sur—
face near the subsolar point, would rapidly decrease as the panel temper-
gture diminished to 140° F.- Below this temperature, either radiator
.shielding or evaporative cooling would be ultimately required. Since
these lower temperatures are sssoclated with the condensing sectlon of
the fuel-cell radiator operated at 15 psis, it is probable that an
“Integration will be required of the condenging seétion with the lower
temperature thermal control loop of the envirommental conbtrol system.
However, most of the load will be required for the latent heat in this
temperature range. Consequently, the water so condensed may in turn be
utilized in open-cycle  expansion cooling. The net heat losd dmparted

to the theymal control system, therefore, consists of sensible heat loads
of the hydrogen, water vapor, and waber mixture from 135° F to 100° 7.
This sensible heat range is not an excessive burden in that it represents
approximately 5 percent of the total heat rejectlon load of the fuel cell.

Alternate methods of heat rejectlon are alsg possible for fuel-cell
systems. Thege would include conductive heat loads to heat sinks, or
. direct venting of products leaving the cell. The latter method would be
at the expense of prohibitive reasctant consumption rates, and would pre~
elude collection of product water. . The poasibllity of increasing the
total pressure of the cell also exisbs.

Operationsl temperatures of the low-temperature fuel cells are
generally restricted by material .and other limitations to temperatures
from 100° F to 180° F. Considersble heat burdens would, therefore, be
imposed during lunar: stay on the low-temperature thermal control.loop of
the envirommentsl control system. The effect of this burden will greatly
incréase the weight and complexity of the low~temperature thermal control
system. :

Prelaunch and launch restraints.- Discussions thus far have analyzed
the restraints of the lunsr-landing mission. Common, to vll missions are
the consideratlons to be given to prelaunch snd launch phases., Of prime

importance in manned space Tlight is the capabllity of placing a power
gystem in complete operation prior to launch. This enhances the crew
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avallability during lsunch and early mission periocds for more critical
datz assimilationg. It also favors a reduction in sbort situstions
attributed to power supply failures. A clear advantage exists for the
chemical systems in this ared.

In the specific applications of solar panels utilized Ffor any mission
involving earth escape, deployment of the psnel would not be attempted
until "Pinal acceleration pericds are completed. Hemce, failure of a
golar panel to deploy would comstltute an emergency return condition, .
‘which could be faced with wminimumm return times from approximately 5 hours
to many days, depending on the spacecraft abort capabillty, An excessive
reserve power capability would, therefore, be required in the supplemen-
tery systems.

Vehicle orientation.- Examinaticon ghould be made of, the demands a
power system will place on vehicle orientation. A flabt solar-cell panel
would require *10° solar alinement sccuracy, wheress no demends are
imposed by chemical systems. Applications of fuel cells would not -impose
any attlitude-control propellant requirements and would offer orientation
preferences’ to observation, communications, and navigation functions.

Selection of Auxiliary Power Systems for Further Study

Fuel cells.- In the foregoing discussion, power systems were dis-
cussed in relation to mission resbralnts., OFf the various sy=ztems
reviewed, the fuel-cell system emerges as g system endowed with consid-
erable promise. This confidence ig Turther warranted by exsmination of
,the state of the art of the intermediate, low-pressure hydrogen-oxygen
. Bacon-type fuel cell. In gemersl, this particular fuel cell is congid-
ered to be in a more advanced state of development compared not only to
other fuel cells, but also compared 4o the chemical dynemic systems
discussed in this paper. The remaining development areas recognized for
this fuel cell are assoclated more with system technology then with the -
energy-conversion method.

Solar cells.~ Silicon solar celis should not be completely dismissed
from further considerations. Although these solar eells rated .unfavorsbly
in certain mission restraints, many of these objections are overcome
where a stored solar arrey iz held.in reserve as an emergeney transearth
power source backing up a fuel-cell system. Solar cells are also adap-
tive to the oxrbiting space laboratory and-would enhsnce the longevity of
these laboratories without resupply. The strongest advantage of solar
cells is their own proven reliability in unmanned space probes.

Synthesis of power systems.~- From the loglc thus far established,
two ‘systems are conceived which should be carefully snalyzed. System No. 1
consists of a full-time fuel-cell system with redundant components and




tankage. System No. 2 consists of g fulil-time . fuel-celd system backed up
by. an emergency solar-array panel. For general weight comparisons, a
third system, System No. 3 is introduced consisting of solar-cell arrays
for primary power, and fuel cells for supplemental power. ZXach system
will be discussed separately, including primary power, reentry, post~
landing and. emergency power, and supplemental power (if required).
Redundant: components and trade-offs will be identified for each system.
Specific features of placement, safety, system uniformity, and simplicity
will be noted for each system. It is not the intent of this paper to
‘establish a reliability figure for the systems studied. However, the
conceptes of redundancy introduced into the sysiems are wrouvght with the
full awareness that the Apollo misdion will reqguire 'a high level of
religbility for the systems.

Anglysis of Auic'iliary Power Systems

Basis for analysis.- The three systems to be compared are tabulated
in tables III, IV, and V. An analysis is made of each system for four
variations of the 1lk-day Apollo mission, consisting of earth~orbital,:
eircumlunar, lunar-orbiting and Jlunar-landing. The format used allows
differentiation of the system components into fixed or constant unlts,
,varlable units, arnd redundant units. The sum of these entries yields a
composite system weight without trade-~offs. Wedlghis of the electrical
power digtribution and control systems are not included.

Major trade~offs considered are the propellant bolloffs available
from the hydrogen-oxygen lunar-landing engine (if utilized), and the pro-=
duction of water by the fuel cells. - Water production is committed only -
to life systems reguirements at “f.pounds per man-day. However, certain
power systems will offer water surpluses which could be utilized Ffor
evaporative cooling. 1In such cases, the total water available is noted,
but trade-offs are not extended beyond the 7 pounds per day. The trade-
offs are reported separately as differential weights that may be dis~
counted from the former totals. Both singular effeets and multiple
effects of these trade-offs.are reported. Where ‘gpplicable, earth-launch
weights and lunar-launch weights are noted. -

Although the power profiles indicate thet an average. power near
1.5 kilowatts should suffice for the lunar-landing mission, a continuous
power level of 2 kilowatts is conservatively chosen for the system
analysis. Imergency power, reentry power; and postlanding power for all
systems are supplied by groups of silver-zine batteries located in the
cormand module. Suech batiteries are used ba51cally as primary cells, but
advantage 1s takem of their limited recharge capabillties.

The basis for analysis unique to the individual system is discussed
for each of the three systems as Tollows;



System No. 1 -~ System No. 1 (table ITTI) consists of a Ffull-time
fuel-cell system. The nominal 2 killowatts of power is supplied by two
regular fuel-cell wnits, plus one redundant fuel-cell unit, each rated
at 1 kilowatt. The redundency of the fuel~cell system externel to the
cells ig incressed to 100 percent. Tankage ig considered initially
without reductions from trade-offs. The 14-day propellant supply is
designated as the mission tankage and is generally conbtalned in dual
tankage for both hydrogen and oxygen reactantsg. TFor earth-orbiting
conditions, the loss of one tank would still allow smple time for earth
‘return on the remeining tankage. For the lunar missions, an additional

B%Mdays of propellant supply in auxiliary tankage is deemed necessary

for redundant coverage during earth return. The entire fuel-cell system,
including fuel-cell units, controls, radiators, and tankasge 1s located
in the service module. This enhances the safety aspect of the crew com~
partment (command module) and affords a reduced probability of micro~
meteor damage due to internal packsging. ¥No crew malntenance other than
remote switching operations, are anticipated for the fuel~cell -system.
The entire fuel-cell system is jettisoned as an integral pert of the
service module during earth reentry.

System No. 2 - System No. 2 (table IV) is almost ldentical wibth
System No. 1. The basic difference is that System No. 2 utilizes a
stored emergency solar-cell array for all lunar missions in lieu of the
BEhday auxiliary fuel-cell propellant tankage backup., This solar panel

is rated at the minimum power levyel of 600 watts and would not be
deployed in & normal mission. The net effect of this exchange is to
supplant redundant tankage with a redundant emergency-power source for

the §%~day transearth return.

System No. 3 - System No, 3 (table V) is included primerily as &
minimum weight reference. In the synthesis of this power system, all
mission restraints were discarded and maximumm ubtilization of solar energy
was sought. For primsry power, four silicon zolar-cell panels are
utilized, each panel measuring 7 feet by 7 feet. For supplemental power
during shadow periods or random positions, the hydrogen-oxygen fuel cell
(nonregenerative) was selected in lieu of secondary batteries. . This
affords e welght advantage, particularly for the earth—orbiting mission,
in that the botal weight of the fuel-cell system and tankage is less than
the composite weight of the sdditionsl solar-array size required for
battery charging, and the secondary batteriles themselves, The aclar
array is, therefore, sized for an instantaneous output of 2 kilowatts.
The same rating s applied to the fuel-cell system. No redundancy is
included for the solar-cell array, other than nominal deterioration
allowances. The fuel~cell conversion unit and dgccessories other than
tankage remain identical to the applications of Systems No. 1 and No. 2.
The reactante for the fuel cells are conbained in mission tanksge where
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regsongble quantities are Involved. The 3%»day redundant suxiliaxry
tanksge is inciuded for sll luner missions.

Results of anglysig.- Figure 5 sumarizes in graphlc form the weight
results of this snalysis. The systems considered are arrsnged in '
vertical ¢olwmns, and the miszsion phases mre arranged in- horizontal
columns. The sumtary also differentiates between the various trade-offs
utilized; as established in tables ITI, IV, and V.

The graphic summary (fig. 5) clearly indicates that the full-time
fuel-cell system (System No. 1) is dependent upon the spplicastion of
trade-offs, before comparative or advantsgeous weights are realized..
Where such a system is backed up with redundant fuel-cell units, accepw
sories, and tankage, continuous water production can be relied upen and
utilized in a conservative trade-off. Without thig trade~off, . the
all-fuel-cell system will approach & composite weight of l,h50 pounds.
With this trade-off, a welght reduction of 300 pounds can bhe made. ¢ The
resulting l,l50~pound.weight is approximately 200 pounds heavier than the
minimum reference welght of the solar-cell fuel-cell system (System
No. 3). These figures are for the lunar-landing miszion, This 200-pound
approach to.the minimm reference weight also applies for the circumlunar
and lwnar~orbiting mission and reduces to 100 pounds for the earth-
orbiting missdion.

Concerning propellant boiloffs from other systems, a trade-off 1s
recognized as being possible from the hydrogen-oxygen lunar-lsanding
propulsion engine., If such a boiloff were available, then this itrade~
off could discount the full-time fuel-cell system by 500 pounds for
maximum periods of lunar stay. Since this is an optimistic condition
and due to the nebulous definition of the lunar-landing engine,.this
trade~off is indicated but is not a critical adventage reguired for
Justifying the zelection of s full—time fuel-cell system.

It is also interesting to note that the full-time fuel-cell system,
regardless of trade-offs applied, will represent a more favorasble lunar
take-off weight, due to reactant consumption prior to this -event.

Analysis of the emergency power requirements indieates that two
alternative emergency power sources offer promise, I.e., use of &
regerve solar array, capable of deployment in an emergency, or redundant
reactant tanksge, sufficilent to provide emergency power for the moon to
earth return., No significant weight advantege is attached to either
method and present information does not permit a firm choice. It i
felt that final selection of an emergency power source ghould remain
contingent on the spacecraft configuration, which will determine the
feasibllity of the regerve soler arrsy.



Further studies will be required on cryogenic reactant supplies
and on integrated radistor concepts. For the most part, weight values
assigned to these areas represent an aversging of parsmeters. However,
the revised weights. resulting from such studies should not grossly
affect the over-dll system welghts.

The suxiliary power systen for the earth-orbiting space lsboratory
is not included in thie anslysis.

CONCLUSIONS AND RECOMMENDATTONS

A full-time fuel-cell system is concluded to be a ressconsble cholce
for the auxiliary power supply for all phases of the Apollo mission.
This conclusion 1s based on the compatibility of the system with wvardous
mission restraints, and the capabllity of the system fo approach 23
fajorable weight through tonservative trade-off.
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TABEE T, . RIECTRICAL POWER REQUIREMENTS

HOMINAL 14-DAY MISITON

Total

58,255

Equipnent udilizing Power Power 1, il £
electrical power (watts) | (watt-hr) Duty eycle or comditions of use
Communications and

Toatrumentations 4
Nearfield Comm. System 3 30 | 10 hours (while on moon)
Intercom. System 12 %032 | 100 percent
Talemztry System BO 1,500 | During major maneuvers, -5 mlauies
each hour during transit.
- Total - 20 hours ]
Televieion 50 800 | Tntermittent - principally in 1
vicinity of moon, TFotal - 16 heours
+D. 8, Corm. System
Transpondeyr 17 3,740 | Continucus except near earth (6 nrs) )
and behind the moon. * Total - 220 hours |-
Power emplifier 50 6,h00 | Turned on when 50 hours away from
earth, Total use ~ 128 hours
Ranging unft 10 2,200 | Continuecus except mear earth (8 hrs)
A and behind the moon. Total - 220 hours
VHF tromsmitter 10 200 | 20 hours near earth
VHF recelver i3 50 | 50 hours menr earth
C-Band transponder 38 120 | 5 hours near earth
Minitrack beacon i 20 | 20 hours neer earth
Radar - sltimetexr Loo 2,000 | Eaxth end Iunsr lending. Total -
. 5 hours
Tepe recorders (2) 60 1,200 | Major maneuvers, reentry, behind the
moon; intermittent during transit.
TFotal, ~ 2 hours
HE/VHF recovery beacon 12 864 | Postlanding
Binary clock (2) 100 33,600 | 100 percent
General purpose camera 50 150 | Major maeuvers, veentry, intermittent
durting midcourse transit, Total -
3 hours
Telesgope -camera 150 450 | Tntermittent use, principally in
vicinity of the moon. Total - 3 houra
Displays 200 67,200 | 100 percent
Fluorescent llghting 10 -23,200 | T2 percent
Radiation detection equip. 50 16,800 | 100 percent
8Bcientific equipment 100 3,000 | Vieinity of moon. Total « 30 hc;u}s
Propulsion Systenm R B
Reaction eontrol 80 to 240 17 | 2-second yulse each 15 seconds during
thrusting maneuvers. Infrequent
2-second pulse during transit
Vernler engines 80 31 | Continuows durdng lwner leuach. 10
- 20-second pulses during transit
Tuner landing englnes 1,000 40 | 1 pulse of 120 seconds; 1 pulse of
30 seconds |
Environmentel Control System .
Catalytic burner ] 5,040 | 25 percent (20 min on, 60 min off)
Glycol. pumy W | 13,40 | 100 percent
Blower 125 42,000 | 100 percent
Fon 100 35,600 | 100 parcent
Navigation and Guidance . .
350 117,600 | 100 percent
250 10,000 | 20 periods of 2 hours
Miscellaneous R
Food preparation 200 4,000 | Total - 20 hours
Electricel system losses 300 100,800 | 100 perceat - princlpally comprised of

Iosses in power conversion/inveraion
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TABLE IT.- FMERGENCY ELECTRICAT, POWVER REQUIREMENTS

(MOON TC FARTH RETURN)

Tobal

E&ﬁgﬁﬁgﬁ%ﬁ:?g (i::ie:‘:) (Wizz?-;‘r) Duty eyele or coiid.itions -of use
Communicebiors and
Instrumentetiong
Intercommunications System 3 115 | 40 percent .
S-Band, tracking and voice 20 168 | 10 percent of time until. within
. ) . -] 8,000 miles of earth '

VHF voice 10 5 | 8,000 miles to rveentry 1

HF/VHF recovery beacon 12 864 | Postlanding ﬁ

Minitrack 3 2 | 8,000 miles to reentry

Displeys 200 Y200 | 25 per‘cen'b

Lighting 100 840 | 10 percent.

Propulsion System . .

Reaction control 80 to 2ho 17 | 2-second pulse each 15 seconds during limsr
lsunch. TInfrequent 2-second pulse during -
transit

Vernler engines 80 5 | Continucus during lunar launch 10 20-Becond

. pulsges during transit

Envirommental Control System

Catalytic burner 60 1,260 | 25 percent

- Olyeol pump ho 3,300 | 100 percent
Blower 125 10,500 | 100 percent
Fan 100 8,400 | 100 percent
Navigation and Guidance

50 4,200 | 100 percent

250 1,050 | 5 percent 10 25-minute periods

1190 185 | 2 percent 10 10-mimute periods
Migcellaneous and system ¥ .
losses 150 . 12,600 | 100 percent

b7, 710




TARLE ITL - 1b.DAY APOLLO HISSION

Bysten Ho. 1
K Farth orbital [ {dual) Eunar orpiting (B days) Tugsy 1Andipe
. Capabiiity | yopans Ho. Capalbiiit; Welght Ho Capabllity | Welght Ko Capabiiity [aight]
Teen Funebios ¥ogale u::ts kv ldays cﬁ‘:h Vodule | units ‘ET_LM days n Hodule | units 3 days| v |Module |ungts i o b
. notants . B
Fusl Colls | Pricary Power [Service 2 2 170 { Bervice | 2 2 10 | Sexrice H Z T | Berviee | 2 z JTe
Radietor Service 1 8 | Service 1 18 | Serrvice 1 18 | Bervige | 1 | 18
sya.umpmg Sorvice 1 30 Bervice 1 . 30 Serviae 1 30 Sarvice 1 el
&ilver-Zine | Besntry mnd Com=and 2 ] 160 | Cozwand 2 8 160 | Command 2 a 166 | Comand| .2 -] 160
Batierles | Emergency Pwr. . {xu-ar) (lw-nr} | - (ki-hr) votOeardp
T Bubtotsl 378 suptotal 378 - Guvtotal 18 Subtotal 38
' Japianles '

[0, Reactant Service 2 T |7 560 | Bervice 2 1% | 560 | Service 2 | W | 59 [ Service ] L ]
O, Tarkage Berwice 2 56 | Bervice 2 + 86 | Service z "36 | Bervice | 2 . 56
A, Reactant Service 2 i 70 | Servite 2 ke 1 0 ] Service 2 15 To | Ssrefce 2 kLR ]
Ha Tankoge Gervice 2 35 Ecryice 2 35 Service 2 3% Bervica 2 35

Bubtotal T21 Subtotal T2 Subkotal ™ . Bubtotal 12K
Esdundency
05 Back Be: 1 1 106 | Service 1 1 106 [ Gervice 1 1 W Berrace | L |- 1, 106
gl':;]iu(!iem!:l EXS Bu«c:llzp Se:iﬁ: 1 18 | Service 1 13 Service i 18 ggiiee i h1:)
. Piping |100% Backu Service 1 Service | I 0 | Borvice 1 ca 3
gy: hosiant. |3-142 day back, 0| G | 1 2 b ] o | Sries 1] .2 |3 o Service| 1 2 |3 Ao
v - . R [ Y s el A e J . - -
¢, Tanrage™] - Boxvice 1 1 1% 7| Barvice 1 1 T1%  [-Bervice | 1 ‘ IS
A, Feactaat | 3.1/2 duy Back Service | 1 2 % 18 |Gervics 1 2 |3 | 3B [Service] 1 2 | &8
up
H, Tenkage Bervice 1 9 |Bervice 1 9 | Serrec] 1 -]
- Subtotal 154 Subtgtal 335 Subtotal 335 Bubtotal 335
Trede—off Ho. 1 .
Woter Prod, |7 lbfmsn day N
{630 1 Life Systers b | 2ot 1 |-20h 1k . § ~20h 1% |-eck
axsil) 1
Sabtotal -204 Bubtotal ~zgh Subtotal =agh . subfotal
- Trede=off Yo 2
Hy, BoLietl Hot Yot " met hol 1.5
srell. ayail. . avafl, 0]
0, Botlory - hoz thoy

A1, Tank ) 25

40, Tank . [ -4t
Hetht pumary .
Ho trade-orf
Earth Leunch 1,253 2,45 1,5 . L
Tunar Ievnch . - - - ™ i i Days depletion 1,261
h g
Fith trafe-off o, 1 N
Earth Launch o9 | - 1,160 1,140, 1,140
Innar Taumsh - - - " 650

With trodesoff no, 2 : .

Barth Latmch . . _ onL
Ergtar Isunch . - - - - g1

Wity both trade-arfe {

Earth Eeunch Lowel R 1,240 . 1,180 617

. Tunar Tawnch B - - - . ar




TABLE E¥.— 1%-BAY APOLLO MESSICN

Systea Fo. 2 .
N Eurkh orbltal gircumlunar {cual) Tunay orblting {6 doye) N Tumar landing ]
Etem Fmation Capability Capsbility Capabllity | Capobilityl ~

Re, Waight ¥o. Hetght no. Halght o, Welght
Hedule | pids | ke | days | | MM st | ww Jasy| | ®0° fogts | aw Jae | 1 | P90 laate | aw [anys] b
Coustants ) M .

Fuel.Gella | Prinsry Fover | Service| 2 2 170 [ Eervice 2 2 170 |Service 2 2 ITo |Gerviee | 2 2 o

Radintor Serwice | 1 18 | Servise 1 - 18  |Bervice 1 18 {8ervice | L 18

Sya, Plping Service 1 30 Servies 1 30 Bervice 1 30 Bervrice 1 30

Silver.Zine| Reentry ana Co=xn2 | 2 8 160 | Command 2 8 160 |Co=and 2 | 8 160 {Coewand | 2 a 160

Batteries | Erergeney Pur. {iv-kr) {iow-hr} Kkvehr) {xu-nhr) —

Subtotal 376 Bubtotal 378 Bubbobed, 578 Bubtotal 378"
- Yariobles

0,"Resctant Service 2 1% | 580 |sService 2 1% | 560 |Serrice 2 1 | 560 |service 2 1% | s60

0, Tunknge Bervlce | 1 56 |merrice | 1 56 |serrice |1 5% |sereice | 1 |- 56

H, Reactant Service a 1% 0 {Bervice 2 1k 70 [Serrice 2 1 10 |Servics 2 | T0

11'2 Tankape Service 1 35 Berrice 1 35 Bervica b 35 Service 1 35

Subtotal Tal- Bubtotal 2L |- Subtota, 721 Hubtatal T2,
. < - -
R Redundancy N .

Fuel Cell | 50% Redundsncy | gervice | 1 b3 106 | Bervice b1 3 106  |Bervies 1 1 106 |Berrice | 1 1 105

Radistor 100% Redundancy| Berviee | 1 18 |gervice 1 18 |dervice 1 18 |Bervice | 1 18

Sys. Piping | 100% Redundancy] Service 1 30 Servics 1 30 Herrice 1 20 Service 1 20

:nlnr Cell | Eserg. Backep | Service [ O 0 |Servics [lor 2 6 TG [Sexrvica |Yor2 8 70 |[Service L or 2] .6 70"

rray

1
Subtotal f 1% fubbatal, 22k Efubtotol 225 Gubtotal | 22h
Vater-Prod, | 7 1b/ma doy | -20% 10} |-220 I I 103 [-220 | | . l 10%' -220

{  Avafl) | Zife Systems
& Gubtotal ~294 A Subbobal =220, A Subtotal =220 ) A Subtotal 220
B, Belloft Fot Tot . Tt e

1. evail. -~ aril,

9,, Botlofr . v . _ ) a0} | -tot

[ Bz Teok N . -25

4 0, Tark -%0

A subtotal ~535
< Yeipht suwomry

Fo trade-off . . .

Esrth Launch 1,255 . PR 1,223 ' a- (323

Tsoar Launch - ) . - - i Doys depletion 1;1ZD
Hith tr=de-off no. 1

Farth Iaumch . 959 1,103 1,103 1,103

Lunar faunch - - - (2%

Vith trade-off no, 2 ) .

Barth Iaunch - - - . &0

junar Yaunch - - . - . - - i)
With both trade-offs

Enrth Isunch - %59 1,103 1,105 580

Lunor Iaunch - - ) - - s8a




TABLE V.- 1h-paY APOLIO MERSTON

7

Systex Ho ¥ ©
Earth orbita) Clireunlunar” Iunap orbitivg (8 devw) Litpar tnrnding
Capebility .  Capability B Capability Capabilit;
Ttex Functicn To, ¥elght To. Welight No Velght ro. Y {ietght
el Lol B o M et 17 M o o il B o e i e I IS |
Cenatants
Solar Cell |Primary Powor |Service b 2 2h0  |Service [ 2 240 | Service h 2 2k0  [Bervice L 2 250
mrroy (Rets., N . -
Futl ccll  |Supp Pover Bervice 2 2 170 |Sarvice 2 2, 170 | Berviee a [} 170  |Servies 2 1 @ 1o
Hadsator Farwice 1 18 [Service 1 18 Service 1 - 18 Service 1 18
Sys. Piplng Service 1 =0 fervics 1 N 30 Service 2 20 Servica 1 .
ASl1ver.2ine |Reentry Fmerg, , |Command 2 8 160 jcormand 2 8 Cozand 2 & 160 2 8 lgg
e lResk]anding Lev=hr) {kv-ht) (rw-hr) (iev-tr)
Subtdtel 618 Hubtate), 618 Subtotal | 68 |- Subtotal 628
Var{ables )
P, React=nt Service 1 2 [3her| 215 [Service |Coo- 2 | L br T |Bervice T z Br] 88 |[Scrvice fcea~ T B |
bined bined
[o., Tanksge 1 2z 0 ro- ' i 10 e L 3
M., Reactant Goreiee 1 2  pshpr| 37 [Service [ldumd. 2 | Lhr Service k3 2 |58 br| 127 Service {aund. 1 5
*'z Tenkegs 3 19 tenke 1 . & tanka 1 3
RN
Budbtets] o205 Subtotel 2 Eubtotal 125 Subtota) =]
RBedundancy -
Fuel cell  [50F Bockup Service 1 1 106 |serriee | 1 1 106 |[gerrhes | 1 W6 [servies [ 1 106
Fadistor [LOOR Backup Service 1 18 [Service 1 18 [Serviee 1 18 Service 1 . 18
Sys. Piping [100% Dackup Service 1 30 (Service 1 " 30 |service 1 1 Kg Servicy 2 -y [0
0o, Reactent 5 172 day Back- [Service ] Service 1 2 5 150 Service 1 2 Ed E [Serrice I 2 = ko
b, Madage | P o 1 b1Y 1 11 1 1k
i, Reactent § 172 day Backs fService "] Service 1 2 5% 18 [Service 1 2 5% 1§ Servicy 1 2 }]2* 18
=, Tanksge w o 1 9 1 9 z 9
Subtotal, 154 Subtotal 335 Subtotel 355 . Subtotal 335
Trode-off Ho T *
later Trod. r\a Rife Systens] | R 3k -2 - | . Lhe { Iss bt |-106 ] I 1 |18
hr
- A Subtobel =224 A subtotal - A Subtotal -106 A Bubtotal -h5,
Trade-of f No. 2
H, Bolloff ok Mok Rot DL ford
avpil. |' il ayall, Ko
0, Botleff . ' Adv.
AH2 Tankage '
£0,, Tonkage )
) Helght sw=ary "
Yo trsde-off
Earth Lounth 1,065 955 1,077 1, 005
Iunay Launch - N - - 960
With trade-off no. 1 R
Parth Inunch 821 55 o 560
Iupar Iatnch b - . - P . 5
[¥itn trodesoff no 2 b
Earth Lsunch 1,055 955 1,077 1,005
Iunay Isunch - - - - 960°
'
With both trade-offs . : X
Earth Isunch 8z 955 sm o0
J tunar Isunch - _ - " 515




(1) 2 sec pulse each 15 sec during thrusting maneuvers; 5
infreguent 2 sec pulse during transit., 80 to 240 watts.

(2) 10 - 20 sec pulses during transit, Gontinuous during
lunar launch, 80 watts,

2,500
2,000 F—¢43 :
P (2)
N F felemetry 1 I r
N 1 -
1,500 I I rJl‘ ~ ol N T [ I
Power \\" , . Nav. &
(watts) - Catalytip Guidance
burner
1,000 :
500
/ - " .
0 1 2 3 4 5 /17 18 19 20 21 22 23 24

Time from lift-off - hours
Figure 1, - Nominal 14-day mission - lift-off arid midcourse.
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1,500 Lupar In_the n
SN gy S “orhit ) E moon ’ i rad
1,000
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Time from iift-off - hours

Figure 2. < Nominal 14-day mission - vicinity of the moon.

| anel
0w



2,500

2,000

1,500

Power
(watts)

1,000

500

(i) 2 sec pulse, 80 to 240 watts. Each 15 sec during thrusting

maneuvers,

Infrequent during transit.
(2) 18 - 20 sec pulses during transit. 80 watts.

~
(2 [——Re—entry
(1_"L_I—LJ_
1 &) (1)
(It (I R T Wt M
Midcolrse transft
) , #_ Recﬁvery———+
| /
| zé

Time from lift-off -~ hours

Figure 3. - Nominal 14-day mission ~ earth approach, reentry, recovery.
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(1) 2 sec pulse each 15 sec during lunar launch (80 to 240 watts)
intermittent during midecourse transit.

(2) 10 pulses during midcourse transit, 80 watts, 20 sec duration.

1,250
(1) Farth approdch
/}——Lunar ladnch ‘ b # reTentry
..? \ b ] . .\
7501 I L
Power (1 .
(watts) | (1) , .
Hpll > rlw U N
500 ' — <
Midqoursa transit '
250-
Recavery
. . period
S ) /

n ; _ ‘ : ;L
8 1 2 3/39 40 41 42 43 782 83 & 7/ 156
Iime from lunar launch - hours
Figure 4. - Emergency power requirements ~ moon to earth.
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Figure 5, - Weight summary, 2 kilowatt auxillary power supply.




