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ABSTRACT

“1’hc  Mars Path!  imler (M1’F) Spxccrall  launched to Mars
in December 1996, uses a mechanically pumped loop to

transf~x dissipated heat liwn the insulated lander electronics
to an external radiator. Due to the lack of long twrn flight

experience of this kind of cooling system for spacecraft, a
life test was conducted on a system  which simulates the

tlight design This development loop has clocked about 15

months of operation until now, far exceeding the 7 months
required for the flight system. This paper first describes the

design md predicted perfornlancc  of the MPF flight cooling

s~stem.  After this it discusses the design and performance
of the development cooling loop used to simulate the long
tem~ performance of the flight systcm

IN’IRODUCTION—

The Mars Pathfinder (MPF) SpacecraR was launched to
Mars in December 1996 and is scheduled to land in July
1997. lle spacecraft shown in figure 1 is composed of two

distinct parts: the cruise stage and the lander. The cruise
stage is separated fi-om the lander by several explosive
bolts, just prior to the lander portion entering the Mallirm
atmosphere. Safe ently of the lander into the Martian
atmosphere is achieved by an ablative heat shield
surrounding it. Upon reduction of the spacecraft speed to
a predetermined level, the heat shield is detached and
discarded followed by deployment of a parachute to slow it

down further. At a predetermined low altitude, this is
followed by firing of retro-rockets to bl-ing the lander to a

near standstill. Finally, ail-bags surrounding the Iandcr
system are deployed to cushion the impact on the Martian
su[-face.

l;ollo~vir~g landing, the ail-bags al-e vcnttxl and retracted and

the tetrahedral shaped Iandcr deploys its self righting petals

which exposes the three solar arrays and the insulated

elwt.ronics enclosure. Finally, a rover located on one of the
solar panels is released and allowed to discover the

Iandscapc  of the Martian surface.

The same communication and data analysis electronics is
LLWd  both during cmise and landed operations. It is located

in the lander ba.wpetal and is completely enclosed in a very
high perlorrnance insulation to conserve heat (power)

during the cold Martian nights (as cold as -80°C). Because
the same electronics is used both during cruise as well as

landed, and since it is highly insulated (insulation and
stowed airbags),  it is very diflicult to remove its dissipated

heat passively during the cruise phase (temperatures outside

the insulated enclosure are as high as 15°C near earth).
Further, 90 Watts of power is continuously dissipated by the
lander elcctrorics  during cruise. ‘I’his necessitated the need
for a heat rejection system ~IRS) for MPF. In addition to
rejecting heat during the cruise phase, the HRS was also
required to minimize any heat leaks from the insulated
electronics once MPF has landed on Mars.

SF; I.ECTION  OF MECHANICAL. PUMPED COOLING
I,00P FOR IRS

“l’he HRS serves as the thcm~al  link from the equipment
shelf to the heat sink - it picks up the heat from the

electronics and transfers it to the radiator which in turn
rejects it to space via thermal radiation. The heat shield and

a cruise stage radiator were investigated as possible heat
sinks for the I IRS. The concepts traded-otT  for the HRS

}vere pumped fluid loops (single phase, liquid), heat pipes
(variable & constant conductance, VC[ If’ and CCHP)  and

detachable thcrmalhncchanical  links. Mass, cost ,

.sehedulc, power & technology readiness were traded. A
mwhanical pumped fluid cooling loop using Freon- I I was
cho.scn for the I IR.S doe to the follo~ving attractive features
(which other concepts lacked partially or fully):
● [;asc of integration with spacecratl
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● I iasily scvcxcd  I ilk  hcf(m Malti:m  why (pym-

Clll[ing  ()[ tubes)

, No need (,w [NJUCI ~iulil]g  Martian nigb(s  (uldikc
VC’I [1’)

. f:lcxibility of ground opmrtions  & tests ( n o
cwicntation  constraints)

b Control temperatures of remotely located
components (thm-rnal  bus)

b Modulate tempcratur-cs  with changing thermal

environment and equipment power
● I .olv entry mass (most mass located in cruise

stage)
● Ike of frrw  tuning pcrforrmance  atkr tests
● Vet-satilc thermal control system for future (small,

light, cheap) missions

PERFORMANCE R}; C) UIREMI;NI’S

After choosing the mechanical pumped cooling loop to
sctvc a.. the 111{S for MPF, a system level design study was

performed on the spacccr-atl and requirements were

developed for the I IRS.

Thermal
. Cooling powwr.  90-  1 SO W

b Allowable temperature range of equipment: -60
to -20°C (low limit), 5 to 70°C (high limit)

w Freon liquid temperature of-40 to +50°C

Integrated Pump Assemblym

b 1.26x 10“3 m3/s (0.2 gpm) ffeon flowrate @ >

0.27x 105 N/m2 (4 psid)  pressure rise
● < 10 W total power consumption during cruise
● >8 kg weight
F >2 years of continuous operation without failure

I,eakage
b Meet specified (ve[y low) leak rate (liquid& gas)

to maintain liquid pressure well above saturation
pressure - at least 2x10’N/m2  (30  psi) higher

DF:SIGN DIiSCRIP”l’ION  AN[) I’RAI>E-OFFS

The I IRS design consisted of six distinct parts”2:
a) Integrated Pump Assembly (IPA)

b) l:reon- I 1 working Iluid

~) [ IRS tubing

d) lllcctr(micx assembly

~) Radiatot”
t) 1:1 con lfcnting system

‘I”hc prima]y  electronics (the key heat source) is located in

the lander basepctal in a highly insulated enclosure. The
If’A flows the freon through the I IRS tubing from the
electronics msexnbly  to the cruise stage radiator (aluminum

tin, painted white) A vent system is used to vent the freon
prior to Mallian entty.

Intcmated PumI~ Assemblv

A schematic of the tooting loop along with the IPA is
showm in Figure 2. The 1PA2 has two centrifugal pumps,

one of them being the primary, whereas the second one

serves as the backup in case of failure of the primary; only
one pump is on at any time. Each pump (powered by its

own motor) produces more than 0.27x 10$ N/m2(4  psid)

pressure differential at 1.26x10-’ m3/s (0.2 gpm). The

pumphnotor  assembly has hydrodynamically lubricated
journal bearings to minimize bearing wear and frictional
power loss, and to maximize the life of the system. Each
purnphnotor  m.sernbly  has its individual radiation hardened
electronics to power it.

Two wax actuated thermal control valves automatically and

continuously split the main freon flow between the radiator
and a bypass to the radiator to provide a fixed (mixed)

temperature fluid to the inlet of the electronics shelf - this
is to account for the continuously decreasing environmental

temperature for the radiator on its journey from Earth to
Mars and the constantly changing heat load on the
electronics.

Four check valves (with VITON seats) in the IPA prevent
the flow from recirculating from the primaty (active) pump

to the backup (inactive) pump and bypassing of either the

electronics or the radiator whenever only one pump is on
and the thermal control valves arc either diverting the flow

fully or partially to the radiator.

Due to the changing environment temperature, the bulk of
the freon liquid undergoes a temperature change (-40 to
+50”C ) during the flight and ground testing - to

accommodate this the IPA employs a stainless steel welded
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bellows accumulator (o maintain the liquid pressure at least
2x10~ N/n12 (30 p s i )  dx)ve its satumlion pressure,
tlulwgbout the tlight, to prwcnt  cai’ilation of Ibc ccntrit’ugal
pulnps

];rcon-il  WtJ&infll’luid

About tihcn fluids’ wwc traded-olT as candidate working

llui&bcforc choosir~g Frec>n-11 (CC13F)  aconm]onlyused

refrigerant for buikling  air-conditiorwrs.  Thcworkirrg  fluid

is designed to remain in the liquid phase under all
conditions to allow the mechanical pumps to work

satisfactol-ily - tbisand other-considerations Icadtoscvcral

critwiau sccitot  radc-ot~thesel  iquids. Somcofthc  liquids

traded-ol~www  various freons,  methanol, ethanol, glycols,
Dowlhcrms  and trichloroethylene.

The criteria used were:
● l~reezing  point (less than about -90°C because

during the radiator bypass the freon in the radiator

could get as cold as -80°C)
b Boiling point (as high as possible to ensure that

the operating pressure required to maintain the
liquid state is low; also hi.ghcr than room
ten]peratLm  for ease  of handling during ground

opcralions)
● IIighspcci!i chcatan  dtha-n]  alconductivity;  low

viscosity (for high heat transfer rates and low

pressure drops)
● Excellent compatibility with commonly used

materials like aluminum and stainless steel (for
long term corrosion proof performance)

Theinq~oltan  tpropertie  so fFrcon -11 are:
● Frccz.ing point= -111 ‘C
● Normal boiling point = 24°C
b Vapor pressure  at 50°C (highest operating

temperature) = 1.36x105 N/n]* (20 psig)
● Very compatible with stainless steels; very

compatible with aluminum at low moisture levels
(- 10 ppm), quite comosiveat  high moisture

levels (-100 ppm); compatible with some

elastomers like VI-ION and 1111:1 ON

Tubinrz Material>

‘1’hc electronics shelf & radiator usc aluminum tubing

bccausc the tubing in these z.ones is brami to aluminum
surfaces which arc used to ensure high heat transfer rates

\vitl] minimum wcigbt. The transfer Iincs were made of
stainless std  k)r ease of ~vclding, better compatibility with

fr-con, sho[-tcr  kmgths, and lack of heat t r a n s f e r
rcquircnwnts.

PJOWORMANCE  PREDICTIONS

“1’ables  1 and 2 contain the predicts from a detailed nu-rlti-
n o d a l  t h e r m a l  model (SINIJM’l{ASYS)  of  the
radiator/electronics for the worst case hot and cold

conditions. “Ihc radiator is sized to be large enough that

even in the \vorst hot case the radiator is nearly tregiming

to be bypassed; in the worst cold case 94 0/0 of the flow
bypasses the radiator to maintain the correct fluid
temperature. In the worst cold case the coldest radiator

zone is at -80°C which implies a 30°C margin above the

ficezing point of Freon- 11 (-111 ‘C).

All the electronics interfaces meet their flight allowable

limits \vith margins (all except one component have

margins larger than 10°C for the worst hot & coId cases).

The n]aximum  heat dissipation for the hot case is 190 W
and  the minimum is 70 W for the worst cold case. The
temperature rise of the freon through all the electronics is
about 11 ‘C for 190 W of heat removal at a freon flow rate
of 1.26x 10“$ m3/s (0.2 gpm),

DEVE[.OPMENT  TESTS

Several de~wlopment  tests were conducted to characterize

the performance of the cooling loop. These tests were
pcrfonned  in parallel \vith the design effort and were very

helpful to ensure that the final design would meet its
requirements. These arc described below:

Thermal-}lvdrattlic

A development test was performed to simulate the
eleckonic shelf and the radiator to validate the thermal and

hydraulic performance models used in predicting the
performance of the cooling loop.

I cakse

Due to integration constraints,  17 mechanical joints (B-Nuts
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t~r AN fr(tings)  lVCIC usd to complctc  k assembly - the

I cst  of lIK asscml]ly  is wQl&d Any large ]LXlk  t’”(m)  the

I IRS chwing [hc 7 rnol]th tlighi to MaI-s would seriously
jtxyxwdim  the missi(m, Weldcct  joirlt  were not dwmd  to

Id any signitican( amount of tkon  “1’hc  Ii-Nuts, howm’er,

being mwhanical  in nature,  could potcrttially leak and it was
cxmsichmxt  highly dcsil-able to conduct tests on them to
ascertain that they will not leak at rates substantial enough
to deplete the t]ight accumulator during the missiorl. It was
also desired to come up with tmttcr schcmcs for pro~riding

some extra insurance against any potcrrtial leaks (epoxying
the joints).

An extensive test for assessing the freon leak rate through
ttw.sc mechanical joints (B-Nuts or AN fittings) used in the

Ml’F’1 Ieat Rejection System (1 IRS) was conducted. All the
combinatmns  of materials (Al, SS) and sizes (1/4”, 3/8”)
usui in the flight I IRS were simulated. lcflon  flex lines
identical to the flight ones wtre also tested for leaks through
their joints. Use of epoxies to provide insurance against
leaks was also assessed. Twtnty four B-Nut joints were

examined. These joints were subjected to cyclic mechanical

flexing and torsion to simulate those encountered by the
worst joint in the flight system during launch. This was
followed by thermal cycling to simulate the excursions

during ground testing and night

} Ieliurn  leak tests were conducted on each joint under
vacuum and under internal pressure of 6.8x 10~ N/m2 (100

psia). In addition, all the joints wet-e pressurized with liquid

Freon- 1 I (used in flight system) and tested for fi-con  leaks.
All the tested joints exhibited leak rates which were much
lower than those used to size the flight accumulator - the
accumulator is sized to accommodate a leak of 17 cubic
inches of liquid freon in the 7 month flight, whereas our

tests showed that the total leak should be much less than
half of this value CVCI1 under the wwst conditions,

LJse of soft cone seals and re-torquing was recommended
Also recotnmmded  was the use of an epoxy  on the exterior
surfaces of the joints’ leak pa[hs to provide additional
insurance against leaks in flight

Material Conmatibi]itv

Within the }1[{S  Freon-1 I is in constant contact with

materials like aluminum, stainless steel and some

CliLStC)IllL7”S  Concerns fbr potential comsion  of aluminum,
particularly in c(mtact  with moist freon, were alleviated by

umducting tests to investigate the compatibility of freon-I I

\vitll aluminum and stainless steel. Scve[-al test samples of

aluminum and stainless steel ~vcre  inscllcct in freon- 11 with

di[lknt ICVCIS  of moisture (tkon  is supplied in drums at a

moisture Icvel of about 10 ppm and it saturates at 100
pprn).  These samples \verc examined chemically, visually

and under electron microscopes to measure the levels of
corl-osion  as a firnction  of time. F’or aluminum, no evidence

ofconnsion was observed for low moisture levels (close  to
10 ppm) but there was a ve~ strong evidence of corrosion

at the high moisture levels (much higher than 10 ppm and
close to 100 ppm).  This test showed that it was extremely

important to minimi~e moisture to prevent corrosion of
aluminum, and elaborate safeguards were taken in the freon

storage & loading process to minimize the moisture levels
(not much more than the 10 ppm level, as in the
manufacturer supplied freon drums).

No evidcncc  of corrosion was observed for stainless steel

for all the moisture levels tested VITON  (used in the check
valves) was found to swell significantly when inserted in

frcwn-  11, however, subsequent leak tests performed on the
check valiws demonstrated that the leaks through them in
the check direction were very small and well within
acceptable limits. All other materials in contact with the
freon undcnvent long term compatibility tests and were
found to be acceptable.

I/lFE TEST COOI,ING  I.00P

Since the cooling loop is being used throughout the flight

for 7 months (5 100 hours), and it is crucial to function
reliably throughout this duration to guarantee mission
success, a life test set up was built and is undergoing long
tcnn testing “1’hc  schematic of this test is shown in Figure

3-it simulates the long twrn operation ( >5100  hours flight
duration) of pump assembly& particle filter, in conjunction
\vith rest of the E[RS  (Al, Stainless steel, Teflon tubing,

accumulator, check valves, etc.). This system has clocked

about 15 months ( 11000 hours) of unintenupted  operation
until now with no pump failures, exceeding the 5100 hours
required for flight by more than a factor of two.

In addition to the compatibility tests dcscribcd  earlier

(pcrlbnncct  cm small sections of tubing materials in a non-
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Il(]lving cllvironmcnt 0[ tic(m), this Iifc tcs[ lvas als[~  used  (0

i[ll’cs{igak  & nwlsLwc the [tmg tcnn  sync[-gistic cc~m)sion

oftk } I[{,s ILlbing (A] Lmlinu]n, Stainless stwl)  Ill  a tkwving
cnvil{mnkm[ Ivilh all the materials and compcmcnts used in
the tlight systcm simulated. %auplcs of tubing & freon

liquid \vcrc t<ken out periodically for analysis - no evidence

ofcomosion  wws found in the tits[ 7 nwnths.  l’he sampling
ofthc Freon and the aluminum tubing. was not followed up
:dic[- this period duc to the scvcrc budgc(ary cons[laints,

This Iit_c test w’&s also used k) nwasurc  long term leaks from
the I IRS, particularly dLIC to rmxhanical  joints (AN Iittings,

H-Nuts) - relatively large leaks were obscmwd in the
beginning of test which wrcrc corrected and prompted a
mot-e elaborate leak test done separately (discussed earlier).

I:igure 4 shows the variation in the 11OW rate, pressure drop

and pLunp  input pmvcr as a f~mction  of time for this life test,

IJuring the frrst 5 months of the test the tiltcr \vas slowly
getting clogged (at the end of this period the filter got

clogged rmd was bypassed -discussed belowr),th  eflowratc

droppedt oabouthalfof  itsvaluc  atthcstart of thekst,the

pressure  drop across the system increased by 20V0 and the
pump input power decreased slightly.

As soon as the frlter was bypassed, the flow rate increased
to a value even larger than at the beginning of the test (25°A

lal-ger due to the lack of the pressure drop associated with
even a virgin filter); the pressure drop in the system was
lower than at the beginning of the test by 1 s~.,  and the
power Icvel was about the same. This does make sense

because the bypassing of the clogged filter  reduced the

overall resistance of the loop alloyving more flow’ rate at

smaller pressure diflcrenccs, Since even a virgin filter has

a non-zero resistance, the flow rate without the filter is even

larger than at the beginning of the test when there was an
unclogged filter  in the flowing loop.

The flow rate and the pressure drop across the systcm
remained essentially constant atkr the filter bypass;

however, the power level did fluctuate due to the pump
being lc~l idle duc to inadvc[lent power outages A mol-e

detailed description of these etTects is pt-escnted next.

Filter CIOL-

was b}pas.see! alb’ ~6(YJ hours  or j months (Ilight filter has
at Icm[ 6 times higher capacitj for palticlcs).  I’hc night

Ii Itcr uscs a check valve to bypass it \vhcn the filter’s
pressure C@  is higher than O. 17xIO$  N/n]2 (2.5 psid).

Since the [[’A produces a pressure rise of more than
0.4 1x 10f Nhn2 (6 psid) at the required flow rate of 1.26x 10-

~nl’/s  (0.2 gpm), and the pressure drop in the cooling loop
system is expected to be only O. 14X 10J N/n12 (2 psid), this

additional pressure drop from a clogged filter should  not

pow a problem in proiiding the required flow rate of freon

throughout the flight

llc exact reason for the clogging of the filter is not known
yet beeausc the cooling loop has been not disassembled. It

is planned to be disassembled atler MPF lands on Mars.
Even though the cooling loop was thoroughly cleaned and
tested heforc starting the life test, the clogging of this filter

was suqxising. It is speculated that the possible reason for
the clogging are particles generated by the graphite within
the Teflon flex line, The Teflon line is impregnated with

graphite on its inside surface to prevent electrostatic
discharge (IN>),  due to the flowing freon, from creating

micro-holes in the Teflon which could lead to a leak within

the cooling loop. A more definitive reasoning will be found
tier disassembly of the test loop. Since the flight filter has
at lemt six times the capacity of the life test filter it is hoped
that the flight filter will be less prone to clog. In addition,

the flight filter’s automatic b}Tass upon clogging provides
further insurance,

I Ii~h Cunwt  Draw of Stalled l’-

TIC flight systm primary pump is programmed to

be on for tk entire duration of the flight, with the seconday

pump idle. The seconda~ will be turned on automatically
only if the primruy  fails. The main reason for leaving the
swond,ary idle \vrLs to maximize its available life to serve as

a full backup in case the primaty failed.

The powvr supply for the life test loop pump is connected
to a relay which prevents the pump from restarting
automatically atk a power outage; a manual slvitch for the

relay is used to restart the pump after a shutdown. This
wzs done to prevent an unat[endti turn-on of the pump (and

the possible consequent damage) during power surges

typical during outages.

‘1’he filter used in this mock-up had inadequate capacity and



AI’(cI alIJKM 1 ycal of ~]l~ili[clt~l[>tccl  llai~ less operation of
the Iik [cst loop, a pmvc[ OLIMgC  ocxurrccl and the pump did

n(lt rcstarl  aulotnatically, as dcsignccl Folknving  this

uulagc, the pump was idle kN about a rmmth  LIuc  to its

unatkmkl status. f Iowctc[-, up(m hying to restart the
pump manually, it tvas okr-vcd  that the 500 rnA fuse  was

hlmw (normal current draw is 400 mA). Replacements of
the t’usc with those rated for as much as 1,5 were

LUISLICCCSSfU\  in rwlarling  the ldk pLmIp. ~o[knvirrg this the
pump was gently tapped t~vice and its restarted  - the current
draw was about  450 mA inumxliakly  atkr rcstwting  and

dmppcd  down to its nominal value of about 400 mA in a

few minutes.

I)uring the pel-iod bettvccn this manual rcstw~ and the
reaching of nominal steady state performance (a duration of

less than 15 minutes), it was also observed that the current

ckaw would momentarily rise to as much as 475 mA a few

times. Simultaneous to these momentary pe~ks, an audible
change in the pitch  of the pump would be heard when one
could “observe” a flock of pal~iclm  tra~’elling through the
loop via the pump.

Following this outage the pump \vas allowed to run for a
fcii, days and deliberately tumtxl  off for 2 to 3 week  periods

to attempt repeating its failure to restart. Five such attempts
wel-e unsuccessful in repeating this failure. After this there

\vcrc 5 more inadvcilent  power outage and in most
instances the pump was ofl for about 2 or more weeks. In
all cases the starting current requirecl \vas higher than 500

mA. Also, in all cases except one, the pLmqI  started
satisfactorily \vith a current draw larger than 500 mA,

without any tapping of its body. In one instance the pump

required a few gentle taps to restart it.

(he possible theory to explain all these cfliects is that the

clogging of the filter followed by its bypass allowed the
generated particles to collec[ within the loop without being

removed from the flowing  fluid. As long as the fluid was
flowing, it would not allow patlic]es to collect in one zone.

} [owcvcr, upon stoppage of tluid flow after a poww outage,
the paticles could settle in local “valleys”, fbr exarnplc the
punlp’s bearings. Since these bear ings are
t)ydrL>dyr~ar[lically Iuhricatcd, their gaps are very tiny (6 to

18 micro-rtwters  thick), which implies (hat these particles

could create enough friction to increase the starting cunent
signliticantly, “[’he planned disassembly of the Iifc test ]OOp

atlcr Mt’l:’s landing in July 1997 w’ill shed  more light on
this theory.

Inwlicaticms F[)r  I:lidlt Svstcm

“[’he results from this long term life test were used to

design/operate the flight system differently than would be
the case without these results. The following

recommendations were implemented:

l) ‘l’he primary pump is not being allowed to be turned ofl
under any circumstance under the control of the mission
operators

2) The seeondag  or back-up pump, which is normally idle,
is turned on for an hour once every 2 weeks to remove any
settled particles, even though one would not expect any

settling in zero-gravity (during the life test power outages

the pump was always able to reslart without any tapping as
long as the idle period was less than 2 weeks and 2 week
frequency \vas practical for the mission).

3) A filter much larger (6X) than used for the long term

development test loop was implemented for the flight
systerm

4) Ike mechanical fittings (B-Nuts) used for assembling the

Icwp u.scd sotl-cone (aluminum) seals, they were re-torqued
atlcr a few days of the initial torcp.ring,  and epoky was used

on the exkxior surfaces of the joints leak paths to provide as
much insurance against leaks as possible.

CURI?F;NT  STATUS AND NEAR TERM PLANS

Before launch in Lkeernber 1996, the fully assembled MPF
spacecraft successfully underwent tests related to acoustic,

radiated emission and susceptibility. It also successfully
compkd  a Solar Thermal Vacuum test. The spacecratl

heat rejection system has perforn~ed fla~vlessly until now’
and will be landing on Mars in July 1997.

The life test has undergone I 1000 hours (15 months) of
eorrtinuous operation (more  than twice the 5100 hours or 7

months required for flight). It \vill be run until MPF lands

on Mars, following ~vhich it will be disassembled and

examined for corrosion and generated parlicles. Also, the

tiltcr will be examined along \vith the pump. Following this



CONCI.  (J SIONS  ANI) Nl;X’f (;}; NI;RA”I’ION  1,001’S

A sLKXMsful  performance 01 (his  syskm  in the  f’athtinder

mission will rcmotw some reluctance (and the associated
pararmia)  on the part  of projects to try out bold new

approaches to thermal control of spacecraft. l’hc current

Mars [’athlindcr I IRS life test fluid cooling loop serves as
a test but for developing better cooling loops  t’or future
spacecrall,  Bven though the cummt  loop is designed for

[’athtinde[-,  the technology developed will be of generic use

for fiture missions, lIc knowledge gained will be useful to

develop more flexible, robust, compact, lightweight,

modular and autonomous mechanically pumped cooling
loops - examples would be the development of

accumulators which can accommodate large system leaks,

different operating fluids, better temperature modulation

schemes, gdwling  of more life cycle data (e.g. pLmIps with

or without filters) to develop more optimal strategies f o r
component redundancies.
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