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ABSTRACT

A mod el has heen devel oped {or
gquantitative e¢xamination of the!
integrated operati on of a luna r basc

pow cr  syst em, eompl oying ¥ egenc rative
fuel cel 1 technology, whi ch would lead

Lo incorporat ion into a lunar base 1 ife
support syst em. The> mo del enpl oys
met hods developed for technology and
syst em  t rade studies of the lLife
Support System configuration for the
Nat ional Aeronautics and Space
Administration (NASA) This paper
describes the power  system alld its
influence on lJife suppor t while
comwpa i ng various technologies,

including pressuri zed gas
cryoge nic storage, and
opecrtat ion cond itions.

prelirni nary assumplions,

storage and
dif ferent
Basod on
the rnass,

po wer, and t hermal requirement
estimates are mtcle at the level of
ma j or components . Th ¢ rel ative mass
cont1i hut i on anti ¢nergy req uil rements of
t he! components i various
conf igurat ions are presented. The
described dinteract i ons between power
and 1ife¢ support include di rect
in{fluence, such as water and oxygen

storage, and indirect
thiough reliability an(
consi derations.

in{luen ce,
maintenance

1 NTRODUCTI ON
The 1 i fe support systen

1 unar basc w 1 1 be composed of
physical /chem ical P?

for &
scver al
ocesses and wy ] ]

i nclude recacl ant process streams, power
generation  antdl consumpt i o n, a nd
associ at ed t herrwal management . It is
prudent Lo examine thd anal C) gous
processes ¢of t he Junar basc power
systemi n order Lo scck approac hes

e 'NASA 1 owi s ResearchCenter

which may expl oit. i
t he power and 1

nt er act i ons between
ife support systems in

the overal 1 lunar basc design . Such
approaches may include equipment
commona 11 ty of such i tems as punps |,
cCompressors, storaqge tanks,
clect rolysis cqui pment and hcat
¢xchangers; inclusive design if it is

appr |-i ate to serve both systems by a
single set of cqgui pment, anti emergency
scenari 0 opt i ons. Both 1i fe support
anti power systems are dynami ¢, yet the
time constants vary from the di urnal
biological cycle tc) the length of the
lunar day, twenty-cigllt- times that of
carth. ket we on these cycles there may
be windows of opportuni tyf or some
procedures and opti ons

This study examines tho potential
inte ractions, employing the follow ng
approach

A nori nal
is assuned to
regenerative

lunar” base power system
cmploy a photovoltaic -
fuel cell (PVRGKC) process

using ecither cryogenic or conpressed
gas sStorage tech nology. Such syst ens
have! been mnodel Jed using various

approa ¢ hes,
2 Harris] .

sco for exanmple
in this p aper

analog ous to
1.1 SSA studies [3,4, 5,6, '1]:
PLUS chemi cal process
program iS us ¢d to model the physical
and chemi cal processes of the PVRGEC
systern, simul ating material , power,
and the rmal quant ities. Se veral point
desi gns at vari ous fuel cell and
storage temperatures and pressures were
calculat ed. The results arce
Lra nsferr ¢d to spreadsheets for furthe r
systems anal ysi s. Mass, power, and
thernal reqgui rement results are
pr esented in detailed breakdow n. These
results arc¢ further discussed with
anal ogous values from long term life

[1 Koho ut,
we have taken
that of the

The ASPEN
simulat ion

an approach



studies.
ant i

su}lpolt Syst em
of ma inten ance
di scussed.

Usi ng an approach model led af ter

The i ssues
reliability are also

the 14 SSA tool will facilitate future
pla ns to incorporate bhoth power and
life support sysl ens and their
interactions into a single fully-

connected model ling effort .

ASSUMPTIONS

The Junar basce power system i s
modeld led on a 25 kilowalt basis [sceo,
for example, the 90 day study 8] The
duty c¢cycle is 12 carth days of

photovoltaic operation, followed by 16
carth days of fuel cell usage. Ther ma)
radiators are assumed to have an
cuissivity of 0.595 and spe cif ic nass
Oof 5 kg/m?' with rejection temperature
(340 K) an d sink tempcrature (220 K)
similar to [1]

Two modes o f
model led : (1) composite pressurized
tanks, bascline safety factor 2.0 and
2.1 Mpba (300 psia) residual pressure,
and (?2) mectallic cryogenic tanks,
model led af ter the PRSA Space Shuttle
tanks, having 10% residual propell ant
Ten percent additional mass is allowed
for structure. Photovoltaic mass
scaling assumes 123 w/ kg and power
condit ioning mass is assuned to bhe 10
kg/kw, following (1]

storageoe arco

The baseline 2.1 MPa (300 psia)
Proton Exchange Membr anc (P M)
clectrolysis sytem has a mass of 279

kg, whilethe PEM fucel cel 1 has a nass

of 416 kg [10]. The cases modelled
alel  SIONI-1 i1 Table 1 Th ¢ heat
exchanger model is a 57, 6kg/m2 (11.8

me/ft‘?) stainless steel tube-in-shell
mo del .

The mass estimate foir the
cr yogenic eq uipment cannot be expectod
Lo b very precisc. lwnar - bascd

systems, for whi ch
repairs, a nd mai
conplicated by a

operatation,
ntenance al e!
Jow-gravit y vacuum

envi ronment are not far al ong in
design  and  devel opuent and field
expericence has yet to take pl ace. on

estimation from cart -
b ased cqui pent, for which there is
anpl ¢ data and a large exper ience basc,
has Un certainty due to the nced for
design modif i cat i ons whose net of fect
is unclcar. For exanpl e, cooling of
equil pment with natural ¢y for ced
convect ion of ambient air would LU0t
apply . Al sO, ground-bascd cguiprent is
Jess se nsit ive to mass penalties, but
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the other hand,

p. 2

it 1S alsonot required to fit into the
Space! Shuttle and withstand 1 aunch
st resses . For this papecr, ecart h-based
designs are chosen as a st art ing point,
and the mass of cryoliquefact ion
cquipment. i s estimated f rom a curve fit.
to data f rom the Nat ional B ur cau of

Standards, riow known as NIST [9],
Be cause  thesel  values are bascd on
cart hbound technology, it dis oot
expected that they will apply with

lunar equipnent |, but
cxpectedtogive some
ion of what di: ections should be

great precision to
this approach is
indi cat
t aken.

Cryogenic Systemn

Storage of ¢r yoge nic hydrogen arid
oxygen begins with the elect rolysis of
water, which is a ssumed tot ake p] are
at 15.5C (60r) and ?.1 MPa (300 psia)
pressure. For this baseline 25 kw
system, the hydrogen mass flow rate is
1.04 kg/hx (2.29 Jbu/hr) ancl t he
corresponding oxygen flow is8.26 kg/hr
(18.2 1bm/hr) .

Hydr ogen Storage.  Hydrogen cryo

storage processing e xccut es the
following stages, as shown inligurel

The gas is  first dried, then s
compressed tc¢) 310 ¢, 10.3 Mpra (590 ¥,
1500 psia) . At this pressure it is
radiatively co oled to O C (32 F) . A
first stage of refrigeration takes the

gas to ‘1-1 Kk, The hydroge n is then
cooled by Joule-Thonpson ¢xpa nsion to

30 K A sc¢ cond refrigeration process
brings the temperature down to 20 K
At this tLemperature the hyd rogen is

cryopurnped to 0 K, 1 .9 MPa(285 psia)
Oxyaen Storage. oxygen
processing is somewhat simpler, as also
shown in Figure 1 . Again thc gas is
dried, but no compressor IS necessary.
In fact, it is possible to extract work
from expansion of the gas wusing a
turbine; however the c¢neirgy gained
would be negligible. Si ngl e! -st. age
cooling and c¢ryopumping bring the
oxygen to 90 K, 6.5 MPa (950 psia)
Supply of Hydrogen and Oxygen.
The suppl y of cryogenic hydrogen and
oxygen occurs a.s shown in Figure 2:
There is energy input into the storage
tank, which causcs meSS tLransport into
a hcat coxchanger . Her c, sO me of the
recovered waste heat from the fuel cell
is uscd to heat the hydrogen or  oxygen.
A I optional turbine at this point could
be powered by gas cxpansion, but it
would recover only about O .5 kw, sc) its

Jan, et al.



usage does not appcecar warranted. HY
sccond hcat coxchanger again cumploys
1 ccovered Waste heat . If & PEM fuc)
cell is being modeled, the gas is
hunidified prior to entering the fucl
cell., Finally, the fucl cell, PEM or
alkaline, 1s modelled with its cooling
water Joop.

Conpregsed. System

Compressed Storagge. This s
straightforward, as show n in Figurc 3.

Starting from 15.5 C (60 ), 1 atm
water , process water is nixed in anti
t he St 1eam is pumped to 2.1 Mra (300

psia)and is el ect rolyzed. The gas is

dried, conpresse cl, and radiatively
cooled to its storage condit ion of 50
C, 21 Mpba (1?2 i-’, 3000 psia) Val ues

for the storage tank safety fact ors are
chosen at 1 .2 and ?.0.
Comproessed Suppl y.
supply cycle, the tank begins at
MPa (3000 psia) condition and is si zed
for a final pressurc of 2.1 Mba (300
psia) . Again, a turbine Stage: is
possible but wouldproduce negligible
power, and i s omi tted . There is energy
i nput to the tank, passagc through a

Dur ing the
a ?1

hecat  exchanger whi ¢ch recovers wast e
heat , and hum dif i cationint he case of
the PEMcell

PVRGE'C RESULTS

Storage Technology

Mass Breakdown Jtid mass
brreakdown of the storage technologics
is shown in rFigure 5. The mass of bhotl
oxygen systems IS mostly clue! to the
Oxygen itself, and the! syst ¢cms  are
fairly close in total mass. The is
hecause the tank mass savings of the

cryogenic system i s

tile

balanced by the
mass of required 1 igucefaction
cquipment . The compressed hydrogen
system has a very high fraction duc to
tank mass; thus the compressed systen
as a whole is dominated by tankmass
The c©r yog enic hyd rogen system mass,
howe ve r, cont ai ns considerable
Jiquefact ion cqui pment  ma.SS . As a
result, it i s much heavier tho
compressoed hyd roge n systern.

Ther m]  and Electrical 1 oads.
These results are list ed in Table 3 and
depicted in Figure 6. The clectrical
] cad (and correspo nd ing thermal
1 cquirement) for the total compr essed
syst emis, not surpr isingly, duc to the
compr €8S0r'S . The magnitude of t he
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tLhan

The
considerabl y more
and t hermal

load is abo ut 4 kw
system i
in its electrical
requi renent s The total electrical
load is 18 kw, ncarly al] due t o
liq vefac tion equipment, with hydrogen

cryogeni ¢
demandi ng
rejection

liquefaction (°? st. ages) demanding
somewhat o re powezr t han oxygen
lJigqucefaction.

Factor of Safeiy. The inf Juence
of factor of safety on conpresseod
storage mass is shown in Figure /. A

factor of 1.2 was
This is not currently

chose! for comparison .

acceptable by

acrospace standards, but it  was
purposcly chosen to bhe low cenough to
deraons trat c! any significant mas s
difference. The mass savings is aboul
20% for the hydrogen system. The rmass
savings 1S considerably less for the
oxygen system due to the smal 1 mass
fraction attributable to the tanks.
Supply Technology o and Wastge Heat
Rejection

Mass Breakdown . Supply
technology needs for ecither the
compressed (r cryogenic Syst ems are
less compl ex than the i1 storage
counterpartis . The mass hreakdowns for

the var-i ous cases aregiven in

8. The mass element s i

radiators, heat exchangeors,
humidifiers Both c1yogenic
compressed sources are considered, and
4 combinations of temperature and
pressure are shown for cach. Radiator
mass dominates by far in al] cases.
Fur thermor e, it will be scen later that
the mass of the supply system is a very

Figure
nclude
and
and

small fraction of the total system
nass .
High Pressure klectrolysis System

The ma ss influence of high and
lJow pressure electrolysis on the total

systems s depicted in Figure 9.
Comon ¢lement s such as tank contents
and power, conditioning coMpPrji se  t-hel
first the first 4500 kg crf al] systens.

Thi s graph also shows how the: mass
savings gainced by using cryogenic ta nks
is mor e than of f set by heavy
] iguefaction equipment . There is some
ma §8 savings attainable by going from

21MJ]a (300 psia) to ?10 Mpa (3000
psia) electrolysis, but is only about
2% for the compressed systern and about
4% for the cryogenic system,

POWBER/1IKE SUPPORT SYSTEM INTHERACTIONS

Jan, et al.




The commonal ity of oxygen and
wateor suggest consider ing the
inter act 3 on of power and 1§ fe supp ort
systems . The two systems could
concelvably be combine d as in Figure
10. In this conceptlualization, both
t he fuel cells and the human habi t at

arc sc ry ved by a single sou rce of oxyg ¢n
and a single sourc ¢ of water Hydrogan

is suppli edt o botht he fueld cells and
the ai r revit alization system. Oone
water 1 reatment systemn sup ports the
c¢lectrolysis unit as well as  the

habi tat . Heat re jectd on equipment may
be shared by al 1 systems .

Whether this concept is viabl e,
o1 whet her separate gas and water-
handl ing systems a l-e preferable,

nunber of interface

Among these arce:

depends on  a
issues.

*¢ leanliness Jevel o1 purity
acceptable to both power and life

support .

*safety - -~availability of a backup
systeom,

*fajilure mode ef feet s--normal
opcration may be acceptable, but
a failurec modce whi ch is
acceptable to the power system
may bt unacceptable for life

support .

*gquantitative cvaluation of
advant age obt ained by using
common design.

We focus here on the last | ssue.
It is expected that the commonality of
the design will be affected to a large
degree by the relative demand of
rasources of the Lwo systens. Simply
put, & missi on which has immensc powe 1
requi renents and a smal 1 crew wi 1 1 have
different design commonali ty issues
from a mission whosc enecrgy is useod
alwost completely for life support . Wl
attempt to quantify the the relative
Yesoul-col needs in a rough manner, as
{follows .

Figure 1 1 can be used to get an
i dea of the scale of interactions for
particular missions. I 1(a) shows the
the mass of water consumed por clay, as
consumcd by tLhe power systenn during
clect rolysis, per kilowatt on the upper
¥x-axis(solid line), and as consumed by
the crew por number of crew, on the!
lower x-axis {(dashed 1line). Wel  call

choose a nominal case of ?0 kW power

system and a crew of 5. Then thel power
Syst em consumes about 260 kg of wates
per clay, while the cre wireq uires only
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apout one-fifth of that awount. 111
this casc, the life support water
processing might be scparate in order
Lo maint ain the purity of the power

syst em watl or . Howecver, the powe r
system would have enough clean water to

serve as an cmuergoency backup supply fod

lifel support.

looking at the sarwe case i
Figure 11(t)), whicti shows oxygen
con sumption, W¢ See! t hat the p ower

system con sumes oxygen at more than ten
ti mes the rate uw§! 0 by thel Cl ew,
suggest ing that the 1i f¢ support oxygen
supply system could be desig ned as a
small fraction of the power system
oxygen supply, for this config uration.
Kither of these Cases wo uld bhe
affected by the phase of the power
system cycleo. At the’ end of a lunar
day there would be relatively little,
water but a large amount of oxygen,
whereas at the lunar night 's end there

wo uld be considerable water but only
reserve amount s of  oxygen The life
suppor t y ¢ quirement s, on  the other

hand, are rclatively contin uous.,

O co ur se, act ual design depend
¢n many other factors as describec
above . Figure 11 is intended to bhe a
vis ual guide to the overlapping
1 equi rements of  the 1ife support and
power systems .

Mai ntenance . 1t is
exami ne the repaia and maintenance
nceds which a mechani cal system can be
expected to  incur. As a first
estimate, the Mean Time Bet ween Fail ure
(MB7F), Mean Timce Between Maintenance
{(MTBM) , Mcan Time to Repair (MTTR), and
Maintenance Man Hour (MMH) va lues were
found for ground-basced ecarth cryogenic
and compr essed processing technology
[11]. (Anal ogous results for the life
support syst em remaint ¢) be described
ina ful ure report ) The components of
the power system scenarjos  exawd ned
here were 1is ted and their associated
MBITE, MTBM, anti MMl paer yaas (MMH/Y)
val uves wer ¢ allo cat edan dsumned.

In choosi ng a for MY7TR,
reference  [11], ba sed on years of
waintenance 0f earth-bascd cquipment,
gives a typical Value of ?-/ hour s per
rep air, whoreas reference (129, a
preliminary estimate for Space Station
Freedom maintenance, a.Ssume .S most
repairs take Jess than one hour. We
comprorui se  here @t MITR:14  hours.
Following the calc ul at ion of the MMH/Y,
a conver sion was made to an € g ul val ent
ma S S basoed on a poerson's mas &
requir ement s per MME

w

inmportant to

numbe

assuming a nor mal

Jan, et al.



w0y K week . The results are st own in
Figure 12. It shou 1d be noted that the
estd mates here are not expected to be
at all precise, but rat her are nmcant Lo
be dndicators of where additioraal
devel opment effort may be needed, or
which directions may be taken under
cur rent technology . Il_ is clear that
this calculation suggests that the
powe 1 s yst em  cmpl oyi ng cryogenic
storage technology wll ha ve much
greator maintenance neoeds and
associ at ¢d mass requirements than the

compressed technology system
CONCILUSIONS
Power  System. Il compari ng

compr esscd storage Lo cryogenic
storage, the! oxygen systems are ncarly
the same. Cryogenic hydrogen storagco
has considerably 1less tank mass, J)Ut
this is more than off{set by the mass of
liquefaction e¢quipnent required to
attain the Jlow temperature ncceded for
ligquid hydrogen. As discusseced above,
tile mass estimate for thc! cryogenic
systems has unavoidable uncertainty,
anti it may bec possible to design 1 una:
cryogeni ¢ systems w th Jower mass.
However, it is recogni zed that
cryogenic equipment  will require
cc)llsicic~ablel development before usage
on the moon . One approach, then, might
be to initially employ cryogenic oxygen
storage a nd compresscd hydrogen
st Qllage!, to be followed by using the
experience gained with cryogenic lunar
oxygen stc)l-age:  to design lower mass
cryo-hydrogen storage systems.
Power/lLife Support. Preliminary

power and life support interactions
have! been described. The 1.4 SSA
approac h, previously applied to life

support, has been appl icd to the power
systew, a nd future work wi |l

incorporate thesc systems into a single
1.3 SSA-type study. The Maintenance ant]
Repaia budgets have considerable
uncertainty at this point; however it
i s expected that Maintenance and Repair
wi 11 play as important a role as it has
for Spacce Station ¥Freecdom, and may bo a
determining factor in technology
chol ces .
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1.istof Figurc captions:

Tigure 1. Schematic of cryogenic 1lydrogen and Oxygen storage processing equipment.
Figure 2. Schematic of cryogenic Hydrogen and Oxygen supply processing equipment.
Figure 3. Schematic of compressed T lydrogen and Oxygen storage processing equipment.
Figure 4. Schematic of compressed 1 lydrogen and Oxygen supply processing equipment.
Figure 5. Storage processing equipment mass breakdown.

Figure 6. Thermal and Electricalusage of storage processing,

Figure /. Effect of Factor of Safety on compressed storage equipment mass.

Figue 8. Mass breakdown of equipment for supply and waste heat rejection.

Figure 9. 1lighand l.ow pressure electrolysis equipment mass breakdown.

Figure 10. Schematic of possible Power/l.1fe Supportinteracting system.

Figure 11. Scaling of Power and 1.ife Support system requirements. (8) Water, (t)) Oxygen.
Figure 1?.. Maintenance considerations.

Table 1. Conditions mode.llcd base.d onreference 10.
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Cryo, MTBF Cryo, Cryo Comp, Comp, Comp

MTBM MMH/Y MTBF MTBM MMH/Y
pump, ' 20, hex 10000 4348 28 10020 43483 28
pumo, ' 20, e'ec 10000 4348 28 10000 4348 28
compressor, H2 19000 8261 “5 10000 8261 15
comoressor, O2 10000 826" “5
ique‘action, N T, 02 4000 1729 71
liquefaction, hi T, H2 4000 1739 71
liquetaction, 1o T, H2 4000 1739 71
expander 7200 3?30 29
cryopump, H2 4000 1739 1
cryopump, 02 4000 1739 71
Total 434.82 57.90
Notes:
MTBE=Mean Time Between Fai'ure
VTBVM=Mean Time Between Main‘enance
=MBTFA&, where k.2.3 isused
by reference 3.
MTTR=Mean Time To Repair
MWH=Mainenance Man Hour
MMH/Y EQUIVALENT MASS
REQUIREMENT
450.00 5500
400.00
350.00 2000 L 7
» 300.00 .
>
< 250.00 o 500+
o >
+ 200.00 <
o 1 +4
< 50.00 < 1000
100.00 5004+
50.00 ;
e | W | 777z
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