1i.S. DEPARTMENT OF COMMERCE
Nationa! Technical Information Service

N66—20126

DEVELOPMENT AND TESTING OF A LOW TEMPERATURE
HYDRAULIC SYSTEM (PRESENTATION BROCHURE)

Nov 65

~

o r—

R



COMPANY

CODE [DENT. NO. 81205

DOCUMENT NO. D2-Eh0T6-1
DEVELOTMENT AND TESTING OF A LOW-TEMPRERATURS

TITLE:

HYDRAULIC SYSTeM (PRESENTATION BROCAURE)

MODEL CONTRACT NO.__ TAs6-11722

ISSUE NO. ISSUED TO

SEE DISTRIBUTION LIMITATIONS PAGE

PREPARED BY __ A et¥: &laprcons nlefes
A. S-; '\‘!f;.tsx;ﬂ n PR
SUPERVISED BY /%7 - oz, Ly SR
K. -((},. Nalson VA . .
APPROVED BY .-l?/._v' LT LA et
V. G. {ockzien 4 -
APPROVED BY £ :

APPROVED BY

LSEIAL | N0, D2-840T76-1




NUMBER D2-84076-1
B EIE REV LIR

ABSTRACT

This deocument conbvains the brothure distributed with the fipel presentation of
HASE-11722 contract results at NASA Marshall Space Flight Center. Other docu~
mentation associated with this contract are:

1. De-90795-1 Developing and Testing of a Lov Temperabture H:draulic Systenm -~
Avtuation Appllaaoiors T&ade Study.

2. D2-50795-2 Developing and Testing of a ILow Temperature Eydraulic System -
© Hydraulic System Analysis and Test Program.

3. D2-ghl75-1 Developing Hydraulie Technology for Space Applications

In the trade study eighty candidate space actuation tasks are considered from
which 10 are selected as having the mest value. From thess 10, one task asso-
ciated with each of four vehicle types is investigated in detsil., The evalustion
considers hydraulic, pneumatic, and electiromechanical actuation systems to satisfy
the requiremsnts of each task. Provisions for power and thermal conditionicg
for each system are considered. The results of the trade study are in the form
of = numerical rating summary showing the comparison of systems, for the same

task, on the basis of weight, Iellaﬂlll by, cosak, avaxlability, and performsnce
margin.

Development preceeding fabrication of a hydraulic system for overation in a space
environment of -240 to 275°F and a hard vacuum of 10-C torr included the eval-
uation of advanced fluids and seal compounds. Testing of the fabricaled system
showed how reducing fluld temperature affects the coperation of the system and the
minimum operating tempereture for the test fluld selseted. Resulis of operation
in & simulated spece Plight show the system's capability for Intermitient use
assoclated with many space actuation duty cycles. The effects of high terparatury
on system operation are reported, as are the effects of 100 hours of systan
thermal cycling at temperstures from -240 to +275°F. Environmental effecis on
seals and system operztion following long-term {S-month) hard-vacuvum storage of
the linear actuator are reported. A thermal analysls is also presented that
describes, using varametric datas, the protection required for varicus bydrazulic
applications iz space. '
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SPACE-VERICLE ACTUATION TASKS

Man's exploration of gpage will require additional Earth~orbliing
vebieles with and without re~entry capabitity fellowed by lunar sur-
fanee vehielos with and without roving eapability, Actualion tasks
must be performed during operution of epch of these four types of
vehicles, The general entegovies of actuation tasks lo be accom-
piiisiwti with each vehicle group are shown on the accompmying
{lgurc. Some speeifie tasks within each general category are:

1y Earth re-entry tasks — aerodynamic-surface control, wing-
swoep opening, londing-mechanism actuntion, and thrust-
veelor control;

2y Frectlon and retraction of collapsible mechanisms — radar
antemna, solar collectors, space rudintors, and solar cells;

TR

3y Orientidion of equlipmoent ~-solur punels, solar gollcetors,
space radintors, turgel scekers, pholographic apparatus,
television cameras, tracking devices, telescopes, and antennas;

4)  Kjeclion and sepnration — stage soparations and ejection of
expendables before re-centry;

5} Life support —ariificial gravity and exercise machines;

§) TVC in space —gpgimbaling of maneuver engines and hraking
engines;

7y Landing-medhanism deploymoent ~ltanding mechonlsms and
shock nbhsorbers;

8y  Surface modifleation —hulldozing, grading, ond shoveling;
8} Material handling ~——removal, placement, and assembly;

10y Transporistilon —uwheel power,
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Space~Vehliele Group

1) Orbiting with Earth
Atmosphere Re~
entry

2) Orbiting Without
Re-entry

3)» Space Travel
and Landing

SPACE-VEHICLE ACTUATION TASKS

Actuation Task Caterory

1) Earth re-entry tasks

B _2} Erectlion and retraction
of collapsible
mechanisms

—

__3) Orientation of
equipment

4} Ejeclion and
separalion

{5) Life support

6) Thrust vector control
in space

Ty Landing ~mechanism
deployment

4) Launar Surface
Operation

mS) Surface modification

~1 9) Material handling

10 Transporiation

D2~8h076-1

Duration
Single to contin-
uous for 1 hour

Varied

Intermittent
Single to short

Single to long,
repeated

Intermitient
Single

Long, repeated
Long, repeated

Long, repeaied

Type of Actuator

Hydraulic, pneu-
matie, elcetro-
mechanical

Hydraulie, pneu-
matic, electro-
mechanieal,
mechanieal

Hydroulic, electro-
mech'a.nical

Pnewnatice,
mechanical

Hydraulic, pneu-
matic, electro-
mechanical,
mechanioal

Hydraulie, electro~
mechanical

Hydraulic, pneu-
matic, mechanical

Hydraulic, elec-
tromechanical

Hydraulic, elec~-
tromeachanical

Hydraulic, elec-
romechanioal



ACTUATION REQUIREMENTS

The st of tasks constdered as space-actuation-sysiem candidates was reduced to 10 taskg
judkred (o have higher acluation-power requirements than other candidates, Neguiremoents
developed for aach of these 10 tasks are shown on the accompanying figure, Deseriptions of
the tasks selected follow,

17 CPhe clevon-surface actuation on a 12-man shuttle version of the M-2 or TL-10 vehicle
configurations provides pitch and roll control during atmospheric descent and landing of
the vehiele,

2)  TVC operation of an RL-10 space-propulsion-stage englne assists mideourse velocity
correetions during translunar couast and control during orbitl Injection and ejection.
K

Ll .
3} A centrifuge aboard a large space statlon supplies various levels of centrifugal force to
relfeve the physiologleal effeets of zero g and provides man's re-entry conditioning.
b - b o
1) A large hangar doov provides docking access to o large:space station by re-cntry capsules
uged for crew rotation,

5)  Sotar panels, reconumended to satisly a major portion of space-station secondary power,
reguire ercetion Drom a deployed position ond continuous orientation,

et

6} The lnnding mechmism of a lunar vebicle must engage the lunar surface, absorb the
kinetic energy of the vehicle at tanding, and support the vehicle, ’

7y ‘Ihe lunar-landing -vehicle thrust-veetor conirol provides vehicle altitude control during
hraking Into eyuiperiod lunar orbit, descent braking, hover, aud landing.

3) ‘The material hamdiers provide hand, hook, wrist, clbow, upper arm, and shoulder
motions of mmnipulators lor assembling and moaving cquipment,

8y A surface-modification hucket-loader attachment to a roving vehicle performs exca-
vating, cmbankiment, and elearing of lunar dust primarily to cushion lunar ghelters
against meteoroid and radistion damage,

1) A typieal luonar vehicele vequires power at six sheels for transportation on the lunar
surliee,

D2-8k076-1



Break

VYohlcle Maximum Maximum Type Fraguency | Operating | Power
Type Actuntion Type Movement Rate Operation - cps Time hip Loud
Orbiting Re-entry Shuttle Vehlele
with 1, Elevon-surface . I I control « "
Re-entry control® +40° to - 30* | 15°/sec space storage| 0 18 mimn : 134, 000 4n, -ths
Spice Propulsion Module
2. Thrust-vector controt + ,
control =7,5* 20*7/sec space storage | 32 14.2 min 2 8,900 an, ~lhs
Orbiting Larpe Manned Space Station '
without 3, Centrifuye* - 3.8 rad/sec control ——— 45 mua/day 6 10,730, ~ths
Rewentry 4. Hungar-door i \ R . 66 seclevery N oenn -
aciuation 129%/opening | 1, 8 /seq intermittent e 00 tkry 0.6 | 128,300, -lhs
3. Solar-cell panel . 0.3%/sec /open MR N 3 min/open
3 -] O t e . : . _
ervolforient 90 /Openmg -‘i"/min;’orient con I¥Ol _— CDﬂLe{ert‘ﬂt i Udiin. -1bs
Luney Landing Vehicle
Space 6, landing mechanism miermittent +
Travel ' 3t 15 ft/sec ' R 1 secMandlng | 3600 17,000 lbs
and spa ce Florage
7. Thrust-vector . . control + = 5
Landing control* =7.5 20%/sec space storage 3.5 & min 2 3,500, -1bs
Lurnar Reving Vehicle
B, Mate
terinls handling 18 in. 2 in. Jeoo control + — —— 8 11,300 in. -lbs
Lunar " space storage
: 9. Surface B3 ft hor veh, control + ' %
Surf;c:;on modificationt 40 11 vert boom 20 See/cycle space storzge - § 4 hrs/iob 3 {1p7,000in.-ibs
Ope 10, Mot : - T ; e
otive power 380 miles 11 mph control o 40 hrs N 1,000 1n, -1bs
space storage total per wheel
6 wheels

*Tasks on which trado studies wers conductod,

Actuation Reguirements
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SELECTED TASKS

As noted on the previous figure, one task associaled with each
vehicle group was sclected for detailed evaluation. These tasks,
shown on the accompanying figure, were those eonsidered most
competitive for acluation by hydraulic, pneumatic, electromechan-
fealy or mecehimicul actuntion concepts,  Actuation tasks requiring
tess than 1 horsepower were not considered competitive for all
concepts,  Similarly, single-operation actuntion syslems were
considered not competitive, and a more realistic trade study can
he performed by concentraling on continuously operating systems,
The surface-modification task using the lunar rover wuas selected
over other lunar-roving -vehlele tasks because funded contract
efforts have heen awarded fn the muterin[’—]m\ai‘glin‘g':md motive~
power areas, '

1) The clevons are two independently controlled acrodynamie
surfaces used during re-eniry, They are located on the
trailing edge of the della-shaped vehiele, are powered from a
single source, and can be operated by either lincar or rotary
mechanisms,

2) The RL-10 engine is gimbal-mounted and provided with altach-
ments for linear actuators o move the engine in a 47, 5~
degree square paltern,

3)  The centriluge consists of dual counterrotating assemblies of
15 -foot radiug, consistent with the maximum diameter of the
space station, Each assembly has four personnel eavriers.

1) 'The paylosder attachment to a roving vehlele excavates 1
cthic yurd of {funar dust and elevates it to a 10-foot dump
heishi for shetter protection,

D2-84076-1



RE-ENTRY VEHICLE
ELEVON CONTROL

LUNAR LANDER
THRUST VECTOR
CONTROL

Ly

.SPACE STATION

LUNAR ROVER
PAYLOADER

§
Selected Tasks
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LUNAR-LANDER TVC ACTUATION SYSTEMS

The detall system designs to satisfy the aetuation-task require-
ments are iltustrated on the accompanying figure for one of the
four (asks — lunar-lander TVC actuation, Components eritical
from a [ailure stundpoint were made redundant, These include
the pump and servevalves in the hydraulic design, the regulator
and servovalves in the pneumntic degign, and the motors and
clatehes in the electromechanieal design. A mechanical design
was nol considered competitive for this task.

The hydraulic coneept requires 18 pounds of conditionlng to warm
the DuPont E-3 fluid loop hefore use of the system, With addi~
ttonal dovelopment of low-lemperature fluids and gystems, this
eonditioning welght coulde eliminated. The weight of the hy-
draulic system would then he Gompetitive with the weight of the
pewmatic system,  Becenuse of the RL-10 engine construction,
shaft power for the hydraulie concept and hydrogen for the pneu-
nmutie concept were obtained from the propulsion system at an
insignifieant penaity, A battery/inverter is used as the lightest~
weight power source for the electromechanical concept. The 1-
pound conditioning weight is to condilion the baitery, Similar
designs were developed for the elevon, cenirifuge, and payloader
tasks, considering the weipht penaliies imposed on.the aetuntion
systims by power nnd thermal conditioning.,

D2-84076~-1
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TRADE-STUDY FLOW CHART

The data flow for the parametrie trade study is shown on the accom
panying figure, Task reqguiremonts were furnished to selected
cqulpment suppliers for the four tasks analyzed in detall, and
comments on available systems or components were requested.
Some valuable information was gained and used in the actuation
designs prepared for ench task, Eaeh design was rated on five
parameters: welght, reliability, cost, avatlubiity, and perfor-
mance, Weight was important as a trade parametor becsuse

all tasks were assoeinted with the payload portion of the vehiele,
Actuation-systoem reliability may detoermine mission suceess or
failure, The importance of cost arlses {rotn development of new
hardware or modificudion of off »iheishq{f cquipment,  Availability
wiry used in considering how mueh development was required to
provide fHght-quality systems,  Performance was measured
according to how woll ench system could maintain a desired per-
formance level under whnormal operationul or environmental con--
ditions,  Ratings on all porameters were sumnmied {o oblain the
(inal rating given to each system, and the finul rating was compared
to similar ratings for other netuation designg used to perform the
same task,

D2-84076-1
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RATING EXAMPLE

EMPHASIS FACTORS

PAY -
~ ELEVON  CENT. TVC LOADER )

WEIGHT 8 8 8 10

reLaBLTY | 10 | 10.1 10| 8

PARA-
METER) 70 {PERCENTILE} )X < COST 6 | 6 | 5 | 5 |p="ANE
VALUE ' NUMBER
AVAILABILITY o) 4 4 8
PERFORMANCE| 8 4 | 8 4
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TRADE-STUDY SUMMARY

‘Ratings for cach purameter are shown on the accompanying figure,
The sum of all parameter ratings [or each concept is the {inal

sating for the concept,  The ratings clearly show the pneumalie
eoncept's superiority fur the lunar-janding -vebiele thrust-vector-
control task, mainly heeause of the insignificant penaltly for thermal
conditioning, The electromechunival actuation system is superior
for the centrifuge task and has a slight advantnge for the payloader
task, The hydinulie system shows an advantage for the elevon
task and is competitive for the pavioader task.

The evaluation method does not allow direct mumerieal comparison
mmong ratings for a.single system (such as hydraulic) on different
tagks. Comparisons can he made only among different systems
(e.g., hydraulic and penumatic) fopr a single. task,

The overall space-nctuation-system trade study provides suffi-
eient evidenee to conclude that hydraulie, pneumatic, and eleciro-
mechanienl conedpts all have applicntion to space tasks, Hydrhulie
aystems were shown to be competitive in two of the four {asks
evaluated, Decause only four tasks [rom a possible 80 were .
evaluaivd, il ts not immedinlely evident which concept shouid he
sulected for any of the remaining 76 tasks. ‘Frade studies should
be performoed for tasks as they ave coneelved,

Space-envivonment offeels, particularly low temperature, must
e considered when zeleeting a space actuation system, In the
next discusston, thermat-condilioning analyses conducted duving
the contract wre roviewed,

D2-8h076-1
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Elavon Centrifuge Ve Payloader

Re~¢ntry Vehiele Space Station Lunar Landing Lunar Rover
Trade Parameters Hyd  Pnew EM  Hyd Pnew EM  Hyd  Pnew EM  Hyd Pnew EM
Woight 4.2 7.7 2.8 6.0 7.2 4.8 1.7 .8 1.6 9.5 5.8
Relability .2 4.1 4.1 4.4 é 2.4 4.8 81 49 51 4.6 7.4
Cost 5.1 1,7 5.6 2.8 g' 5.6 1,7 4.5 2.4 2.6 2.0 4.0
Availability 4.6 1.8 4.5 1.4 ; 3.6 1.1 3.7 e 4.7 2.4 4.5
Performunce 3.0 4.6 8.8 1.2 - 3.7 3.7 5.6 1.4 2,9 0.8 4.8
Rating 24,1 18,9 23,9 15.6 298 16,0 30,6 121 22,8 8.7 21.2

Systern Seloetod

Trade Study Summary

DR-EhOT6-1



THERMAL PROTHCTION FOR ACTUATION SYSTEMS

Contract NASS-11722 included an inalytieal study to determine
the welght penally for thermal protection of an actuatlon system,
The worl wis done {n two major nroens,

1)

Deeause this contrael emphasized low-iemperaiure perior-~
manee, 4 parametrie study was conducted o determine the
weight penally assoclated with proteeling components in a
=107 1 envivonment, Porameters Included several heat
gourees, two minbimum allowable component {emperaiures,
and two [nsulation materials,  AMisslon time was seleeted
as the independent variable.  This work will be discussed in
doetnil,

Thermal-protection systenys were designed and weighed for
cach actindion system In the trade stwdy, Doth heating and
cooling systoms were sfwdied,  This work will also be dis:
cussed in detail,

The annlytical study indieated several areas requiring additional’
anaslysis or developmenial work, These arens will also be dis-
cussed,

DR-8ho76-1
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nermai protection ror Actuation Systems

® ANALYTICALLY DETERMINE WEIGHT PENALTY FOR
LOW TEMPERATURE PROTECTION

= HEAT SOURCES
+ MINIMUM ALLOWABLE COMPONENT TEMPERATURES
= INSULATIONS
*+ MISSION TimE

» DESIGN THERMAL PROTECTION SYSTEMS FOR

TRADE STUDY -

* MEATING
+ COOLING

» RECOMMEND FUTURE THERMAL PROTECTION WORK
* ANALYTICAL

+ DEVELOPMENTAL

D2-8h076-1
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HEAT SOURCES

In the low-temperature parametric study, both eleetric heaters and isolope
heaters wore ovaluated.  Power sources for the vlectrie heaters included stlver-
zine butteries, solar cells, and fuel cells. The bitlery penalty assumed was 90
watt~hours per pound of battery, and the solar-ceil penalty assumed was 1 watt
per pound,  Three fuel eelis were studied:

1} Dependent fuel cell — reactanls and tankage penalty only (500 watt-hours
per potndy;

2) iﬂ‘cmi{?opcndc‘n{ fuel cell — asswmes’ a fuet cell instalied in vehiete, but an
installed weight penaity is fneluded for reactants and lankage (500 watt-
hours per pound plus 0, 11 pound por walt);

3} Independent fuel cell —a fuel cell is nstalled for the tmermal-protoction
nystem (300 watt-hours per pound plus installed weight of 10 pounds for 1 io
10 waits, inereasing to 13 pounds for 40 witts),

Yor fsolope heaters, both polonium 210 and plutonium 238 lsolopes were con-
siderad,

The parametric study was separated into the following vehiclg categories be-
cause of the lack of competition from hatteries when n velele uses a fuel cell
as s madn power soureg:

1) Vehicles with fuel-cell power unify;

) Vehieles without fuel-coll power units,

D2-84076-1 17



Heat Sources

o ELECTRICAL HEATERS
* BATTERIES
» SOLAR CELLS
== DEPENDENT
¢ FUEL CELLS {——w SEMIDE PENDENT

\
Ve INIDEPENDENT

® ISOTOPE HEATERS
« PLUTONIUM 238

+* POLONIUM 210

D2~BR0T6-1,
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POWER PENALTY SUMMARY FOR VEHICLES WITHOUT
FUEL CELL POWER SOURCE

For vehicles without a fuel eell, this figure shows the rogiuns of
minimum penalty for power levels from 1 Lo 10 watls, The power
sources considered were:

1)
)
3)
)

o}

-

Silver-zine balieries;
Solur cells;

Pc«lgnium isolopes;
Plutonium lsotopes;

Independent fuel cells,

‘The rvogion of minimuin power pennity for batleries is limited to
shorl missions, The isolope power souree s a lower-welght
system than solu cells, if the total power execeds approximately
3 watts,  The polonium isolope and the independent fuel cell aro
always heavier and do not have a region of minimuwm power penalty,
as do the hatteries, solor cells, dand plulonium isolopes,

Dp2-BhOT6-1 19



POWER PENALTY WEIGHT (LBS.)
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POWER PENALTY SUMMARY FOR VEBHICLES
WITH PUEL CBLL POWER SOURCH

For vehicles with a fuel cell, this figure shows the regiony of min-
imum penalty for power levels from 1 to 40 watts, The power
sources cunsidered were:

1) Silver-zine baiterles;

2y Solar colly;

3} Polonium isotopes;

4y - Plutonium isolopes;

5} Depoendent {uel cells;

6y  Semldependent fuet cells

The {uel eells are generally Hmibled to missions of 3 weeks or less.
The isotope power source is a lower-weight system than golar cells,
il the total power exceeds approximately 3 walts, Both dependent
md semidependent fuel cells ave shown,  Balleries and polonfum
tsotopas are always henvier and do not have a region of minimum

power penalty, as do the Inet cells, solar cells, and plutonium
irotopas,
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‘REAT TRANSFER ANALYSIS

The heat-transfer analysls considered the heat radiafed from the
component and the conduction losses.  An environmental temper-
ature of ~240°F was assumed, Parametrie data ineluded com-
ponent temperalwres of ~100 and -150°F wxl hoth glass {iber and
multilayer insulations,

Conduetion losses result primarily {rom the supports on the com-
ponents and the acluntor bearings, ‘Fheheat loss [rom the actua-
tor hearing, which could be § walls or greater, was predicted
analyliestly. Beecause the radiniion heat loss can he redueed to
less thun 0, T watl per square foot with Insulation, the major
heating requirement might be conduction,
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Heat Transfer Analysis

¢ RADIATION LOSS

INSULATIONS
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TUERMAL, PROTECTION SYSTEM WEIGHT INCLUDING CONDUCTION LOSSES
FOR VEAICLES WITHOUT FUEL CELL POWER SOURCE
To = -150°F o = 0.06
MULTI-LAYER INSULATION

This chart and the {oltowing chart ave examples of the parametrie
data available in the contract report documents,

FFor vehicles without a fuel cell, the nccompanying chart shows the
total weight penalty for n component requiring thermal proteciion
to ~150°F, "Total weight penalty is shown for both 1 and 10 square
feet of surface area and lor cnnrluction’io‘%ps of 0 andd 10 walls,
The battery and solar-cell systems roquire an additional 6.2 pound
for ench temperittare switch wund 0,4 pound for each square foot of
heater aren,  The isolope system reguires additionnl weight for
conduelion rods [rom the power source to the components,
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THERMAL PROTECTION SYSTEM WRIGHT INCLUDING
CONDUCTION LOSSES FOR VEHICLES WITH FUEL
CELL POWER 30URCH
Tc = "lrj‘oap
MULTI-LAYER INSULATION
e = 0,06

For vehleles with a fuel-cell power source, this
figure shows (he total weight penalty for n component
requiring a minhiwum temperature of -150°F, Total
welght penalty is shown for both 1 and 10 square feet
of surfice avea and for conduction losses of 0 and 10
watly,  The fuel-call and solar-cel] systoms reguive
an adilitional 0,2 pound for c:lch”tulnpc:‘:‘ttu1‘0 switeh
andd 0,4 poundd for guch sguave foot of heater area,
The sotope system requires additional weight for
caiduction rods [rom {he power sourco to the com-
ponents,
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TRADE STUDY CSUDPORT

The four actuation tasks Inctuded in the trade study
and the envivonmental tewperatures used for the {rade
study are shown, One or more of the nctuntion sys-
tems associaled with the thrust-vector-control (r've)
task requives a heating system, The clevon Lask
requires a cooling system, and the payloader requires
a heating and cooling systom.  Thermal protection for
the hydrautic TVC system will be disenssed in more
detail,

D2~ 84076-1
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Trade Study Support

o TVC TASK -240°F TO 100°F

* HEATING SUBSYSTEM

& FLEVON TASK -60°F TO 550°F

» COOLING SUBSYSTEM
4

e CENTRIFUGE CONDITIONED COMPARTMENT
« LOCATED IN SPACE STATION — USES
ACTIVE COOLING LOOP OF STATION
® PAYLOADER -240°F TO 275°F
« HEATING SUBSYSTEM

« COOLING SUBSYSTEM

p2-84076-1
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THERMAL PROTECTICN: HYDRAULIC TVC
ACTUATION SYSTIM

'This {lgure shows the RL-10 TVC hydlraulic-actuation system and
thermal-protection system, A thermal-protection system was
required to provide @ minimum operation temperature of =100°F.
Three heating systems were considered:

1) Dallery-power source for maintaining the componenis at -100°F
fur the 14-day asswumed misgsion;

2)  Isotope-power source for maintinining the components at -100°1

3) DBattery system for prehealing the components {rom ~240°F to
-100°1 before each operation —two precheats were required,
one for mideourse correetion ind one Jor lunar landing,

The {sotope and the haltery preheat systems weighed approximately
the same heeause Lhree isolope sources were reguired ((wo actua-
tors and one pump paekagey.  The baltevy preheat system was
selected beenuse of less development effort, and bhecause of the
possible high-temperature problems with the (sotope system In

the 100°) cuvironment,
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THERMAL PROTECTION:HYDRAULIC TVC

ACTUATION SYSTEM
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FUTURE WORK

Additional effort iz required In three oreas,

i+

Tho {irst {5 {o continue detevmining component limitations,
This effurt involves both the minimum operaling tempoerature
ad component cooting below this minimum if the components
are preheated before use,

Isotlope heating is promising for long missions aud larger
heating requirements, Dot analytical and development work
ave reguired, Comluction losses must be dutermined, bul low’
heat leakoge might not have to he developed, The conditions
al maximum envivonmaont musi be considered because the
tsotope systom cannot be shut off,

Bleetrieal heating requives toav-heat-leak bearings and other

contuction losses.  Elftelent use of multitayoer insulation is
also vequired,
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Future Work

o DETERMINE COMPONENT TEMPERATURE LIMITATIONS

e DEVELOP ISOTOPE HEATING
» ANALYTICAL

» SAFETY
« GPERATION AT MAXIMUM ENVIRONMENTAL TEMPERATURES

« DESIGN CONDUCTION RODS TO CONDUCT
HEAT FROM SOURCE TO COMPONENT

* DEVELOPMENTAL
« DEVELOP UNIFORM HEATING METHODS

« HEATING FOR HYDRAULIC AND COOLING LINES
* DETERMINE CONDUCTION LOSSES

e DEVELOP ELECTRICAL HEATING

s DEVELOPMENTAL
« DEVELOP LOW HEAT LEAK ACTUATOR BEARINGS

AND SUPPORTS

» DEVELOP INSULATION INSTALLATION TECHNIQUES
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HYDRAULIC-SYSTEM ANALYSIS AND TEST PROGRAM

The effective use of hydraulie systems for space applications
depends Targely on the compatibility of these systems with space
lemperntare nnd pressure environments. In proevious test expo:
ience, hydeaulic~system Umitations have been associated mainl;
with materints and component evatuntions rather than complete
syslem performance ananlyses, For exnmple, siale-of-the-art
hydraute Fluids limit low-temperature testing of o system to ap
proximately ~65° 1, ‘Lhercfove, advaneed (Tulds are necessary
for evaluation conducted in simuinted space environmeoents, In
this section, the evaluation of low-temperalure (tuids and reals
to e wsed in the Dreadbonrd test sysiem, the desipgn of the lest
system and supporvting cquipmaent, and the tests porformed with
that system will be reviewed,

D240 761
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HYDRAULIC-SYSTEM

ANALYS IS

AND

TEST PROGRAM
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VISCOSITY OF VARIOUS FLUIDS

The temperature effeets on the viscoaity of vartous mdvanced low-
temperature hydeaulie Hulds are shown on the accomptnying figur
and compared with the viscosity of MIL-1-3606,  Sunples of five
of these fluids were oblained for evaluation of the properties of
interest in high-pressure hydraulie actuation systems,  The tluids
were:
1) Dow Corning DC 331, a low~viscosity dimethyl silicone;

5
-.a} hu Poent -3, a fluorinated ether;
3y Halecurbon 208, a hatogennted branched-chain wliphatic hy-

drocarbon;

1y Minnesota Mining and Manulnceturing Compuny FX-81, a
eyelie flunrinated ether;

5} AMendonio MCS-198, n silieale ester,

The viscostly temperature stope of the DC 331 curve was {he most
produciive for Lesting, stthough its low=lemperature eapability
with an ASTM pour point of ~130°F was not ns good as some other
{luidg,  MOS-198, wilh o pour point of 2142°F, whs the most
hiphly developed fludd, having been used in the heat-transfer loop
of the Gomind vehlele,  PX=81 had the Towest pour point at -172°F,
with E-3 at -133°F, and alocarbon 208 ol ~118°0,
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LOW-TEMPERATURE-FLUID THERMAL STABILITY AND
MATERTAL COMPATIBILITY

Some of the properlies of the evaluated fluids are shown on the
accompanying figure. ‘These results show the high-temperature
aceoptability of each fluid and ils compatibilily with various metals
that might come In contact with the fluid in & hydraulic system,
None ol (he fhuids evaluated wag entirely acceptable fov space-
system use,  Although it has low viscosity al 275°F, which would
maké its use in a recirculuating system questionable, Du Pont -3
was selected for use in the test system.  FN-81 had low viscosily
at high temperature and poor lubricity even at” room temperature,
13C 331 sotidified at ~D0°1 after 8 hours of exposure, dsqualilying
iL as o competitive {luid, MCS-148 had poor lubricily mnd caused
serious swelling of elustomers, IHaleearbon 208 had very destrue-
tive offeets on phenyl-silicone elastomers,

As shown In the aceompanyling figure, compalibility with metals
was not a serious problem [or any of the evaluated fluids,
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Woight Change in Motala {mgfem?)

(D Ehange[Change
Vicosity| n In Titan-
Time | Temp| Change | Flash | Solids Bearium Naval um
Fluid {hra) {*F (%) 'F i 4130 RBronze +40C M-10 Bronze | GAL-IV | Be-Cu | 30435 42153
Yoo f om0 | o2rs | -a2 | -5 |s0.7 | -0.177| -0.276 |-0.079 {-0.256 | -0.336
D3N 20 275 (4-0.33 15 140.6 .00 9.00 1-0.02 .00 -03.482 !
E-3 20 275 0.0 w0, 03 ~0,177] ~0.059 |-0.198 1 -0.198 =0.07Y
; )] s
1-208 & 215 | vous — e - 10,019 -0.059 a.o® — {B.BQ -0.014
E-J -1@ 275 | +21.0 - —_ e - 0.0 ~0.018 ~(3,059 *{).039@ ~3,019
@O DCe75 O rings present: in bomb during rTun, @&  Tbese metals sectioned for intergranular

corrosion inspection. None found,

Low-Temperature Fluids Thermal Stability And Material Compatibility
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CONTRACTION OF LOW-TEMPERATURE
HYDRAULIC FLUIDS

The aceeplability of Du Pont E-3 for fow-lemperature
testing depended on whether it contracted with'de-
creasing temperature,  The aecompanying curve shows
the contraction that oceurred during tests of both E-3
and DC 331 TMuids. The major contraclion from room
temperature to -50°1° is shown, as is the continued
contraclion boyond the pour point, This Iurge amount
of contraction ot low {emperaiure amd the subsequent
expansion at high {emperature means that the reser-
voir desipn problem must be thoroughly evaluated,
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SEAL-MATER [AL DEFLECTION CHARACTERISTICS

The resulis of Bocing researceh on seals {or space
applications are shown on the accompanying figure and
indicate the superiority of phenyl-silicone seals af low
temperature, Using the eriterion that adeguale high-
pressure hydraulic-~gystem scaling can be atlained
with elastomers at 10-percent deflection, the curves
show the adequaey of phonyl =silicone senls below the
pour point of the E-3 {fluid,  selectest {for use in the

test system,
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DEFLECTION AT 400 PSI (%)
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FLUID-ELASTOMER COMPATIBILITY

Five phenyl-silicone elastomers were evaluated for com-
patibility with the fluid samples obtained from the various
suppliers. The results of these compalibilily tests ave
shown on the accompanying {igare, Parker 5-424-7 com-
poungd was seleeted for use with the B =3 {luid in the Lest
gyslom. The sealy showed Hitle change in tensile strongin
and no clumge in hardness after exposure for 72 hours at
160°1, No reaction of the seal material with the 15-3
fluid ocenrrved during this test, Seals {or all slutie and
dynanic loeations within the components Lo be tesled wore
purehased from the Parker Seal Coimpany.

DR-E0TH-1.
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Before Exposure

After E sure
of 72 hours @ 160°F

Volume
Tenaile Elong Tensile Elong * Change Remarks
Elastomer Fluid (put) h Dur {pal) (%) Dur (%)
DC 675 MC5-108 +183. 5
RC 675 BC-3a1 + 80.5
DC 878 11-208 632 200 74 248 60 60 +191
BC 875 E-3 752 131 72 738 128 T2 + 0.5 White precipitate
in fluid
DO e51 E-3 1180 473 53 079 418 53 + 1.2 Compound soft
for best] O-
rings
DC 960 E-3 1392 543 59 1384 500 62 + 0.6 | Compound soft
; for best) O~
rings
Parker E-3 1096 360 66 1112 3583 68 - 7.5 No precipitate
5~383-7
Parker E-3 892 200 73 815 170 73 + 1.1 Mo white pre-
S-424~7 cipilate
3-2013 H-208 2228 220 T 2084 180 60 + 14.5
Buna-N

Tensile and elongntion by ASTM D412,

Durometer by ASTM D67s.

Volume Change by ASTM D471,

Fluid-Elastomer Compatibility

D2-3h0T6-1
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DYNAMIC NONELASTOMERIC SEALS

A test roguirement o measure fluid leaknge past the
primavy dynamie gland scals at each end of the
double-neting lnear actunlor established anced for a
soecondary seal in cach rod glimd,  An {nvestigation
wiay conducted to seleet o nonelastomerie senl config-
uration for use in the secondury senl installation, Tha
Loal eonlipurations evaluated are shown on the accom-
panying figure.  Metal seals woere considered unde~
sirable in fealinge boeeause of the hard-vacuum envi-
ronment to be encomtered. CLiftle test datn was
aviilable on the various nonelagtomoerie senls inves-
tigated,  ‘The "omniseal” was seleceted for the applica-
tion boenuse of aceeptable previous use and what
appenved lo be wn easier insiallation in the internal
seul grooves.
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Seal Trade Name

Vendor

Dynamic Seals Proposed for use with E-3

Omniseal

Bal-Seal

Delta~Serl]

Pacific

Raco

Cook

Aeroguip Corp.

Bal-8eal Engrg
Co.

R. Rrueger Co.

Pacific Piston
Ring Co.

Raco Engineering

Dover Corp.,
Cook Airtomic Div,

Type Rod Beal Comrment
Configuration
Tefion with dual - Information indlcates
S that the seals would

304 springs,

Teflon with a single

_stainless steel spring.

Tellor-graphite
with a spring-load-
ed wedge ring.
Step-gap teflon
with 17~4PH con~
tracting ring,

Teflon cap strip
with O-ring.

Outer ring AMS
3643 inner ring,
Teflon and O-ring.

perform satisfactorily.

Sim:lar to the "omm-
seal, ' but contains
only one load spring.

Relatively new,
Difficult to design
into the actuator,

No information’

"available on seal

perfoermance,

The swell character-
istics of the elastomer
may result in ex-
cessive rod friction,

Four sets of seals
were required {or
each rod gland.

The elastomer
may resuit w

excessive rod
frietion.

DYNAMIC NONELASTOMERIC SEALS

D2-8h076-1
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MATERTAL CHARACTERISTICS AT LOW TEMPERATURE

Deeause the hydraulic system to be tested is the fivst of its type
used in extremely low-temperature md hard-vacuum {esting, it |
was important to select versatile materials with capabilities some-
what beyond the operating temperature range of the fluid selected,
An analysis was condueted to seleet mauterials for use in the manu~
fucture of the actuator and reservoir, Strenpth properties of the
various materials considered are shown on the accompunying
figrure,

The tengile strength of materials considered [ov the high-pressure-
[luidd power system preseats no problem, Moreover, tensile
strength data actually shows a signifteant improvement ot low-
temperature operation.  When impact strength is also importmnt,
as it is lor the actaator, the faet that the fmpact strength of some
materials decreanes rapidly al low temperatures is a prineipal
consideration.  'The waterial sceleeted for use in manufacturing
the actuator was 301 1.C stainfess steel; however, this imatevial
has Tow tensile strength al voom tomperaiure, which necessitates
extreme cove in hdling surfaces with fine [inishes. Inconel X,
the sceond choice, would have alleviated this problom, but would
have resulted in higher material and fbriention costs,  Titanit
was sceleeted for the reservely pressure vessel, which did not
have o withs(and hupaet loads,
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TEST-SYSTEM DESIGN REQUIREMENTS

The space actuation task selected for simulation in the lest program was the
thrust-vector —conirol gimbaling of an R1L-10 propulsion engine, which would be,
required on o typical lunar-landing vehicle. ‘This task is one of the four tasks
evaluaied in the trade-study portion of the contraet.

The TVC requirements are £7.5 degrees motion of the R1.-10 engine in a square
patiern at a maximum rafe of 20 degrees per second and an aeceleration of 250
degrees per sccond?, A total operaling time of § minutes is required, and the
desirved servo system break [reguency is 3.2 eyeles per second,

The actuation-system rveguirements for the reciveulating -system {iight appti-
cation mud single-pass-test-system simulation are compared on the accompanying
{lgure, The maximum foree reyuirement of 559 pounds for the selecled task
requires a piston aren of 0,278 sguare tnch when using supply fluid at 3000 psig
and o two-thirdg pressure drop ol the load, ‘To ensure acluntion performance at
all femperatures, the fovee capability of the test actuntor was increased to 780
pomuls by using a piston arca of 0, 39 square inch, ‘This inérease in force
capahility provides a design salety factor of 1,4,

The piston veloeily of 6 inches per sccond, which pccompanies the 4-inch stroke
for the seleeted task, rvequires a fluid flow of 0,435 gallon per minute to satisly
the actuntion task in the fHeght application.  To explore the actuation frequency
ringe of 0,5 Lo § cps during the fest, system-operation Thuld {low beiween 0,39
and 2.2 wpm owag veguived, using an actuntor with a 0. 38 -square~inch piston
area,  Dry-run tosts with the servomalyzer wmud an electrical-load simulation
fnddieated that 2, 25 minwtes would be adequale fov the 0. 5~ to 6, 0-eps fretpicney
sean without exceeding the maximum allowable speed of the malyzer,  This
duration was used in castablishing the requived test reserveir volume.,  Bufore
attempting to nvestignte ptanp opevationul problems, a single-pass test system
wis salected to eliminate the difficulties of maintaining low stabilized tewpera-
tures with a pumping system and to evaluate fluld and seal problenas,

DR-88076-1
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TEST-SYSTEM DESIGN REQUIREMENTS

Fiight Test

Charncieristic Application System
Freguency Hange {eps) g.4 to 8.0 0.5 t0 6.0
Actuator Stroke at 0.5 cps (inches) =2, 00 42, 00
Actuator Stroke-at G, 0 eps {inches) (0, 90 =0, 90
Servo Break Frenqueney (ep 3.2 3.0
Actuator Force (Ib) 559 780
Actuntor Piston Area {sq in 0,278 0,39
Maximum Flow Ruate {gpm) (}: 435 2,2
Operation Time/ Test (min) 8.0 2,25
Fluid Volume/ Test {gal.) 3,48 2. 91

DR~Bh076-1



TEST ACTUATOR PARTS

The major actuater parts are the housing, piston, and {wo seal
ghunds, which are shown on the accompinying flgure. ™ addition,
the compleie actuator Incorporates an adjustable rod-end hearving
and a head-end cap with bearing, These are the parts lor altaching
the actuntor to the incrtia load and the toad fixture structure.  All
actuftor parts were machined from 304 1.C stainless steet,

The removable-scal ~gland design used to provide casy seal con-
fisuration chimges {3 an important feature of the actuntor. A
second design feature is the use of redundint seal installations on
the piston mnd In the senl glands,  Grooves for two seal configura-
Lions woere placed on the piston o provide additional scaling in the
event that the single elastomervie O-ring allowed an undesirable
amount of leakage, Dynamic primary and hackup rod seal grooves
were also provided for this reason and to measure any leakayge
passing (he primavy seal,
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LOADING-DEVICE CROSS SECTION

The relationshlp of ftight tond toryue to the equivalent test foad in pounds is
shown helow,

Hinge Moment Component Flight torque (in, =1h) Test Load (b
Longitudinal Aceeleration 1260 180
Coriolis Damping 120 17
Rottional Inertia 135 19
Gimbal Friction 2:100 344
560

The aceompanyng figure shows the loading mechanism for stmulating these
conditfons during the fest. The volational inevtia load was represented during
the test by the inertia of a sliding block weighing 117 pounds. The remainder
of the application load r(‘qmwmcﬂt was simulated with a frietion-loading device,
and thg, friction load was applicd to the sides of the mild steel inertia load by a
spring-loading mechunism, A single spring tonded one of Lo lod pads against
the Inertia Io.u:! - and o seeond pad was rigldly installed on the opposite side of the
londd tn line with the spring,  The choive of lead on steel provided a friction fao-
tor of 0,95, which was constant in both statie and dynamic conditlons.
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FACILITY COMPONENTS

Speclal facility ttems constructed o support test operations were the cooling
contalner, vacuum storage assembly, md load-suppurt structure (sce nccompi-
nying figure), A cooling contniner wis construeted to isolate the test system
and Toad apparaius within a temperature environmont controlled by the contriner.
Use of the container was partienlarly important when a havd-vacuum environ-
niont and tow temperature were desired, where radiation was the primary
meang of thormnal gontrol,

The load-support structure was provided to support the inertia load and to pro-
vide attachment points for the friction spring-londing mechanism,  'This struc-
pure is the shape of a modified U-scclion, Extensions {rom the ubove structurat
members hold the servoncluator in correct alignment with the incertia load and
cuarry the weight of the reservoir and filler in the operational test system —
only the sides of the U-section ave extended.  The space between the extended
sides is wider than the space at the ineriia load-support seclion to necept instal-
Jationtof the vocuum eontainer for operational testing of the vacuum-stored
servoaetuntonr,

The vacuum conlainer was construeted Lo store a hydranlic servoactuator in a
hard-vacuum onvivemnent for 3 months ond subscequently to operate the actuator
as poart of a system iy the vacuum environment,  The conlaiver Is an 8~inch
side~diameter eylinder with ene end sealed and long enough to contain the test
sorvotetuator in the retracled positlon, A G-inch-diameter port with a connecting
flange was provided os an outlet to the vacuum pumps,  The vacutum contabier is
separated Orom the piumps by a gate valve used to seal the container during
transfer from the punwine siation.
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AUTOMATIC COOLING SYSTEM

'The eontrols for the nutomatic cooling system ure shown schema-
tically en the necompinying figure, ‘The controls were assembled
to assist in temperature stabilization of the test system,

A copper-constantan thermocouple sensed the temperalure of cach
cooling zone on the cooling container. These temperalures were
compared 1o a desived temperature for each zone by the controtlers.
The desired zone temperatures were established to maintaln near-
constunt fempeeajure disteibullon inside the container. Fach
temperature controlior actunted solenoids that allowed either
Heubd nitrogen or worm gaseous nitvogen to be delivered to the
cooling colls of o partienlar cooling zone,  Liquid nitrogen was
allowed to flow when additional cooling was requived mud gaseous
pitrozen when heating was required. The outlets from the eooling
coils for all zones were hrousht info i common line and exhausted
from the spuace-simulation chamber,
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TEST PROGRAM OUTLINE

The purpese of this hydeaalic-systiem test evaluittion was to estubligh

Ure ability of hyelenoties o operide In low-lomperature and vacuum
eavivenmaents, Tho lest program was alse o meang of determining
the aced for or extent of the future development to provide flight
dunlity bhydenulie~nctuation spnee systems,  Secondnry objectives
of the program wave lo investigate the ability of a hydraulic system
to function at the high {emperatires encountered in spnee nnd o
withstand nonope rational termal eyeling babween high add low
temperatures,  The ehivonology of testing accomptished daring the
propran i< <hovat on the sccompanying feare, which outlines the
hasie tests, the enviromment present duving the tests, the test
duration, il system eperational sequences perforimed during the
tests. The major tests comlneted weve:

I} low-tomperalure performanee {ost;
2y Hoed-vacuum storpge test;

B Simnlated fHpght test;

4y MHph- temperature tost;

3y thermab-oyeling test,
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Table & - Test Pf:)gmm Qutline

Temperniure Actuation Fluid Actuation Fiuid
Environment Pressure Test Duration Numbey Prassure | Frequency] Temperature
Test {*F) Environment [ Duration |{munutes) |Test Runs {psel) {epE) {*'F)
Low-Temp Peyl 75 o 75 m‘
Sarvonctuntor perf minimum Atm 2.5 min 2.8 10 3000 0.56 | minimurn
fluid temp operable
Hard-Vacuum Effects Leas than
Storage 2 75 1678 torr 5 mo, max| None 1 200 —— 75
feay than
Sorvonctuntur perd 75 1907 torr 2.5 min 2.8 1 3400 0.5-6 75
Combined Environ Per{
Simulated 1ight Min fluid Near 1078 6 days 2@ 2.5 1 10 0.5~6 |Minimuin
operation Torr Store operable
1 3000
aot.
Hizh-temp test 275 Atm 2,5 min 2.5 1 000 0.5-8 {275
Thermal Cveling -240 to 275 Atm 100 hrs None 1 10 —— -240 to 275
i .
Test Program Outline
D2-BHOT6-1 t2




DATA-ACQUISITION SCHEMATIC

The necompanying figure shows the basle instrumentation common
to ol tests,  The Instrumentation was usoed cither Lo control opor-
ation of the test system or to measure {he operglional churacter-
istics of the (est system,  System operaiion was contrelled through
the cireuitry nssociated with the servoloop operational amplifier
and the frequeney-response analyzer.,  The sinusoldal signal
gonerated by the analyzer was modificd by the load-pasition feed -
back signal from the actuntor, the dither signal, and the amplilier
swnin o provide the command inpul to the test system. The fre-
queney —response analyzer also computed the amplitude ratio and
phase angle between the commuanil and hetuator oulputs, tring-
ferring them to the X=Y vecorders, ‘The command output signals
were dupliculed on on esciliograph to provide bockhup nstrumen~
tation to the X-Y recopders,  Specinl circulis were used (through
(o switehing weehantsm) to relract the sefuator during envirvon-
meaeninl senky, lo eonler the nctuator ab the inftiation of nn opera-
tional sequonce, and to eoalibrate all instruments before a test,
without disturbing the aetuator position,
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TEST-SYSTEM SCHEMATIC

The schematie of the {luld toop used to perform the operational
portions of the test program is shown on the sccompanying flyure.
Ihe equipment at the right, including the reservoir, servoactuator,
filter, ad loading mechanism, comprize the single -pass system
under test,  This cquipment was placed in an environmental
chamber during the tests.  The remainder of the equipment was
used to assist hlowdown of the rescrveir, to colleet the E-3
Muid nfter blowdown, or to assist vefill of the reservoir, The
[luid edoter was added to the system Lo precool the -3 fluid dur-
Ing the rescervoir vefilling operation to shorten the thne required
to stabilize the reservoir ol tow environmental {emperatures.

Iach blowdewn eperation was conducted by regulating the pressure
from the G000-psig dry-nitrogen storage hottles to provide 3000
psig to the reservoir. The pressurized K-3 was used to move the
actuntor, as commanded by the servovatve, and was then dis-
ehavged into the veceiver tank. To refill the reservoir, the
vecelver tank was pressurized with tow-pressure nitrogen and the
-1 was passed through the fluid cooler to the reservoir, The
serve checkout loop wits used to evalunte the servovalves; E-3
way used as the test fluid,  Pressure te the servovalve test
manifold wag supplicd through the bypass line.
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[LOW-TEMPERATURE TEST FACILITIES
AND INSTRUMENTATION

The aceompanying photograph shows the aselllograph,
X-¥ recorders, instrument racks, and the supporting
portion of the hydrautic leop described previously,
This installation, as shown, was uged during the low-
temperature test series,  The blowdown portion ol the
hydraunlic loop was installed in the lavge chamber in
the bachground, Dry ice is being added to the {luid
cooting buth in prop:wutic,fn for atost,
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TEST-SYSTEM INSTALLATION FOR
LOW-TEMPERATURE TESTS

The low-temperature tests were condieted in the Boeing strato
chamber ~hown on the aceompuaying (gure. This chamber is 7
feet in dinmeter by 12 feet lome and has a vertical section 3 feet

in dimueter extending (4.5 feet above the roof of the horizontal
seetion of the chamber, ‘The entronee door to the chumber i9 5
feet in dimneter. ‘The chmnber hog a low-temperature capability
of «103°F, which is obtained by eirculating chamber air through
refrigeration coils, Tempersture within the chamber is regulated
automalieally thvough set lemperature controllers that turn on and
shut off airflow, a3 needed, throush the refrigeration coils, The
regrigeration system consists of four stationary compressors that
have o total output capueity of 11,4 tong of refrigeration using
Freon 12, The low-temperature hydraulic system {s shown
installed In the strato chamber, with the vefrigeration coils and
air blower in the hackground,

Temperatures below =105°F were stubilized by feeding liquid
nitvogen from outside the chomber to the coils of the cooling
container designed to cool the fest system,  The stutionary
portion of this container is shown surrounding the test equip-
moent, '
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OPERATIONAL TEST SYSTEM

The accompanying pholograph shows the detailed
imstallation of the servoactuntor, [ilter, load, and
reserveir inside the copper cooling container. The
reservoir is ol Uie upper teft,  The filter, upper
center, is instrumented for fluid temperature and
Jhressure measurements, the pressure transducer
h{:mg wrapped with heating tape for use al extremely
low temperatures,  The servoiclustor Is instrumented
for [Mufd-tomperature measurenent ab the return port
and for differentinl-pregsurs meagurement aeross the
piston.  The fan at the lower right provided conveetion
curvents within the closed cooling container,
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FLOW COEFFICIENT VERSUS TEMPERATURE

The low-temperature fest resulis show that the DuPont Freon E-3
fluid flowed at temperatures as low as -183°1 under high pressure,
although the data «lso shows a murked ehange in Tuid performinee
at temperatures helow =100°F, A curve iHlustrating the effect of
temperature on fluid performance is shown on the accompanying
fizure,

The flow covfficient (K} was compuled from the test data recorded
on the oseiltograph,  The figure shows that as (the fluid tempera-
ture Is deerensed, K beconmes targer thon the value ot +75°F until
the temperature is lower than =100°1, at which point K decrenses
very rapldly, This variatfon in K is also sceen In the test system -
closod-loop frequency -response dati, The sudden bhreak in the
plot of K versus temperature is nttribuied to (luid viscosily, which
lnereases rapidly as the temperature deercases, By inerceasing
the system guin, thereby increasing the break [requency, accept-
able response al temperatures down to approximately -125°F
would be eapecied throughout the frequency ramge eviduated in the
test program, This is shown by the dotted ling on the accomoany-
Ing figure,
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NOPMALIZED RLOW COEFFICIENT

FLOW COEFFICIENT VS. TEMPERATURE
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SYSTEM RESPONSE (+75 TO ~140°F)

The system closed-loop frequency -tesponse data from

178 to ~1J0°F tllustrates the conelusions drawn [rom

the How cocflicient relationsbip to temperature discussed
previously. The improvement In system response
eapected at {hese tested frequeneies, using an £-3

fluld system with o higher gain, is (hat the -125°F curves
would fall within the data envelopes shown for the range
of 175 to ~100°1 1t was not expeeled that the improve -
ment would provide much more than 2 5- to 10D inerease
in wnplitude ratio or 0 30- 1o d0~degree Improvement in
phase imgle at 6 eps.  This Improvement still would not
allow use of the E-3 [uid system at «1-10°1 excopt for
these tasks that do not have critleal performance require-
maoents,
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ACTUATION-SYSTEM LOW-TEMPERATURE STEP RESPONSE

The system step response at low temperature is shown
on the accompanying {igure. This data was ohiained
during an inftial operational command to the system

to ecenter the actuntor from a retracted position, The
time required [or the actuator to reach the centered
position was n function of the viscosity of the {luid and
the offeets of viscosity on fluid (low through the critical
orifices of the scervovalve. The correlation between
the E-3 and MIL-I-53G00A sysfem test doda indieales
that further study should be devoted Lo analyzing the
possibility of o genernl relntionship between fluid
viscosity and system performance, In conjunction
with such an evaluation, the effects of fluid viscosily
and femperature on sevvovalve performance, separate
from o system, should be Investligated.,  Such pn inves-
tiration could lead to design techniques thal would
exlond the low-tomperature capabilily for [lght

control applications,
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NORMALIZED LOAD POSITION
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FLUID PRESSURE AND TEMPERATURE DURING
TYPICAL LOW-TEMPERATURE TEST RUN

The accompanying figure shows that fluid throttling during performance of the
oparational seguence lests produced tittle tempersiure rise within the system,
The fluid temperature in the veservoir, measuved hy an immersion probae,
showed some temperature rise induced by the warm high-pressure nitrogen used
to blow down the reservolr.  The temperature rise in the reservoir did not pro-
duce a significant rise In the temperature of the fluid passing through the actua-
tor. The measurements of reservoir [luid temperature after approximately 100
seeonds were constdered invalid heenuse the thermocouple was no longer
immersed in oil,

‘The vartation In supply pressure during the typieal operalional sequence is shown
as a shaded band,  This indientes a eyelic variation in the supply pressure
ohserverd during all tests below -100°F,  The pressure variations cyeled at the
‘sime [requency as the actuntor movement,  Peak pressure coincided in time

- with the eud of the actuator stroke, when the velocity was zero, and low pros-
sure occurrved when the actwitor veloeity was maximum, ‘The supply pressure
qariation was enused by pressure drop through the micronie filter located
upstream of the supply pressure transducer.  Beeausce the supply pressure did |
not show this effeet at tomperatures of -108°F and ubove, the [luid viscosity at
lew temperature Is concluded to be the cause.  'This establisbes a serious preb-
lem that conflicts with the main purpose of fillers in the system, that of con-
tamination confrol,  Further tnvestigation of pressure deop in filters with high-
viseosity (ulds ts advised before selecting [light application hardware,
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FLUID PRESSURE AND TEMPERATl DURING A TYPICAL LOW TEMPERATURE
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SEAL WEAR

Test servoactuators were disassembled for seal changes or inspee-
tlon three times during the test program, Serial Number 1 acluator
was disassembled ot the completion of low-temperature tests and

af the completion of thermal eyeling, and Sevial Number 2 actuator
was disassembled ot the completion of vacuum testing, Wear on
the seals (see accompanying figure) shows the wenr discovered at
pach Inapection,  The hiack ring on the piston seal was a deposited-
¢hrame and nicke! compound, The sbhrasion of the rod seals was
judged to be partly caused by the sand contaminants found in the
system.

Seal-evaluation resuits of the entirve program reveal that potential
fluded leakage past the seals und detericration of seal materials in
space environments wore not as severe,as expected,  Althouph
seal installations in the test actuitor were designed with extra
squeeze (20 pereenty, this compression was not the maximum {hat
could he Incorporated. No leaknze was enconntered from the 106
hours wof thermal eyeling between 1275°1 and -240°F, {ndiealing
compatibiiity of seals with a wide range of temperatures during
inopperative storage.  feakage during storage at vacuum eaviron-
ment was well within a telerable Hmit for elaslomoerice dynamic

csaaly, but veduecd the abilily to test to the desired hard vacuum,
It 1s concluded that the sealing eonditions reduired to test at hard
vacuwms, greater than 10-9 torr, will demand pear-zero leakage
past the elastomerie sends, This condition is not required for
[ight applications; therefere, the necessily for scal development
will depend on the deslve Lo test the effects of harder vacuams

= hefove Tipht usnpre,
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PISTON SEAL

ROD SEALS

Seal-Wear Actuator Number 1
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SPACE-SIMULATION FACILITY

All of the system lests subsequent to the low-temperature series were performed in the space-
simulator facllity shown in the accompanying photograph, This chamber Is capable of a vacuum
of 8 x 10-9 torr when it is clean, dry, and emply, Vacuum is provided by a 38~inch-diameter,

50, 000-liter-per-second, oil-diffusion pump, A liuid-nitrogen-cooled baflfle prevents diffusion-.

pamp oil from entering the test chamber,

The test system [s cooled by radiation to the cold walls of the cooling container, The cquipment
positioned behind the simulator is the nutomatie cooling system, and the equipment to the right
of the ehamber is the hydraulie support equipment for operational tests, Tosts conducted in
this fueility were the simubitled flight test, high-~temperature test, thermal-cyeling test, and
the 01:0mtimmiﬁportion of the vacuum tests,

Tho simulated Night test was performed following compleilon of the low-temperature tosts,

The simulated flight test investipated intermittent use of the system during exposure lo low-
temperature and havd-vacuum environments,  the resulls of the simulated flight test demon-
strated that o hydraulie-netttion systom using Du Pont E-3 fluid with theemal protection to
<1407 ¥ could bo used a pumber of times in #pace onvironments, with perviods of Inactive system
storvape belween usape, The hard vacuum and low temperature caused only normal seal leak-
age, and the amount of {luid tost did not affect the simulaled misslon, 't'he cffects of the
simulated ight test did not produce o permanent change in the opevational capability of

the system,

D2-B4076-1
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HIGH-TEMPERATURE TEST

The high-temperature portion of the combined offects test was performed fo
determine the offects of a simulated masimum lunar-surface temperature envi-
venment on the hydraulie test system.  The results of this test ave shown on the
s accompanying figure, ‘The requirement for hard vacuum is not imposed during
this test, because exposure for short durations has no effect on syslem per-
formance,

The test was conducied by operating the system and obtaining data points at
diserote actuation frequencies, rather than by scanning the frequency range.
This procedure was used hecause the scanning test could not be completed with
the {luid capacity lu the system, which was due to the low viscosity at high
temperature,

Because of the differential expansjon of components in e loading system at high
1{31}11}0&':&&1-1*(3* the load, desived to be 1400 psi aeross the aetuator piston, could
not he roduced below 2000 psi.  The high-load and normal-load conditions were
compared during tests at room temperature, and these relationships were used
to correct the high~temperature test data to provide a curve for the normal-
loading conditlon, 'The system amplitude ratio and phase lag curves at the nor-
mal-loading condilion are comparable lo low-temperature test performance
characteristics for a temperature between -100 and ~125°F,

Pevformance of the (est system during the operational sequence 'at high temper-
ature was salisfactory. Seal leakage was 0, 8 cubice centimeter at the rod-end
gind and 0, G eubie centimeter at the head-end gland during the 3-minute test,
‘This amowunt of leakage is Inslgnificant for the simulated application,
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THERMAL-CYCLING TEMPERATURE CONTROL

The thermal-cyeling test roquived both high cooling and high heat-
ing rates to control the desired tomperature fluetuations, 'The
temperature-regulation system used for the thermal-cyeling test
is shown on the accompanying figure. The servoactuntor was
wound with a coil of perforated copper tubing and wrapped with a
blanket of insulating material, Liquid nilrogen or hot gaseous
nitrogen is supplied Lo the copper tubing by direction of a temper--
ature controller, Tomperature sensing for the controller is
provided hy a copper-constantan thermocouple on the actuator,
Thermalconirol of the hydraultie ~{luid rescervoiv wis accomplished
by winding the reservoir with alternate coils of copper tubing and
eleciriead-resistanco heating tape.  The healing tape was used
beecause the desired temperature rise rafe could not be afiained
using only goscous nitrogen, due to the large mass of {luid
requiring heating, Temperature controllers were used to direct
the flow of liuid or gascous anitrogen in {he tubing and fo control
current flow in the resistance heating tape, The short lengths of
tubing conneeting the reservoir to the filter and the filier to the
acluntor ncled as conductors Lo heat or cool this portion of the
test syslem,
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TYPICAL THERMAL CYCLE

Some experimenting was necessary lo determine the proper temperw

ature eontroller settings to achivve the time-temperature relationships

shown on the accompanying figure, The actuator hody temperature
was used as the control point for the test, mand the reserveir was pro-
egrammed Lo follow this control as accurately as possible. Tempera-
tures throughout the system were monitorved every 16 minutes on a
multiple~point stamping recorder, Twenty thermal cycles wore
performed; the livst five eyeleos woere used to adiust the temperature
controltars and to determine temperature reversal times, The last
15 cyeles were performed in a continuous test, The operational
charneleristies of the sysicem, both before and after thermatl eyeling,
Indicaled that no permanent changes in tho system resulted from the
thermal cycling, No fluid was found (n the leakage-collection tubes
at the completion of the thermal cyeling test,

p2.8h076-1
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VACUUM-STORAGE-STATION SCHEMATIC

The objective of the vacuum tests conducted In this contracet were
to determine the deteviorating effects of continuous long-term
hard-vacuum exposurce on elnstomeric soals and other oulgassing
materials used in a space hydraulie system. The seriousness of
the hydeauite-fluid leakage during such tong-lerm storage was
also evaluated, The vacuum-storage station used in the test is
shown schemutically on the accompmnying figure,

The vacuum container previcusly described provided the means
for isolating the scervoactuator at hard vacuum during storage and
during transfer and installation of the vacuum-storage assembly
into the operational test-syslem load fisture. The vacuum-stor~
age tests were performed using a small pumping sysiem to main-
{ain a hard-vacuwm envirvonment,

n2-84076-1
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VACUUM STORAGE STATION SCHEMAT
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VACUUM~-STORAGE STATION

Vacuum pressure measuremenis were read from, the readout.
instrument for the hot-cathode ionfzalion gage instailed in the
assembly, as shown on the accompimying {igure. The fluid stand-
pipe was pressurized {o 20 psi,

Alter 48 hours of storage, an inerease in environmeninl pressure
indicated saturation of the cold tyap with condensed E-3 leakage,
At the end of & days, the storage test was sugpended to ¢lean the
cold trap and investignte this leakage problem. Pressurization of
the fluid in the stored actuator was discontlinued to Improve the.
ability to maintain s hard vacuum, The E-3 [luid in the standplpe
was vented to the atmosphere by leaving the cap on the pipe loosely
Jhreaded to ensure that the fluid would remain at atmospheric
pressure, '

The vacuum~storage test was restarted and the maximum possible
vacuwn maintained for 134 days. After complotion of the storage
poriion of the test, the gale valve was closed and the storage
‘assombly instatled on the load fixture in the CA-4 test chamber in
prepavation for system operational testing, Fxiension of the
actuntor rod and attached storage containev tid during the initial
pperational sequence equalized the vacuum caviconment In the
CA-4 chamber with that of the storage container.

The long -term storage of jan inoperative space hydrautic-actuation
5 124 ! i

system in a hard vacuum f)f 10-6 torr did not damage elastomeric

seals or some Insulating materinls and did not perinanently affect

system operational eharacteristics.
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VACUUM-STORAGE TEST FLUID LEAKAGE

This figure {s a graph of the {luid lost during the continuous vacuum-storage
period.  Total fluid loss during the 134 days of vacuum storage was 1,23 cubie
ipches., Leakage rates at valous times in the vacuum testing ave shown in the
table below,

leakage Rate

eakag Pluld Pr

Jeakage Pluld Pressure in. é’f{hy}
During 5-day checkout 20 psig 0.205
Be?ore adding 1'?{§undaazt rod seal 2100 nsle 3.03

to improve scaling

After adding redundant rod seal

{first day of continuous storagc) 14.7 psia 0.032
Average for 134-day storage period 14,7 psia 0.0093

The ability to further evaluate hydraulic sysiems at harder vacuums will depend
on the development of zero-leak dynamic.scals., Such seals do not appear to he
necessary for flight applications because the amount of leakage evidenced in the
vacuum test is considercd to be well within a tolerable iimit, The vacuum-seal
degign requirements for vehicle-gystem PRIT chamber testing are, thervefore,
more severe than the design requirements for a flight application, Conseduently
seal development efforts muit be related to the need for chamber testing at
higher vacuums.
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FUTURE EFFORTS

THERMAL PROTECTION ANALYSIS AND TEST

RECIRCULATING HYDRAULIC SYSTEM DEVELOPMENT
. LOW TEMPERATURE SERVICE
5. HIGH TEMPERATURE SERVICE

ADVANCED FLUID AND SEAL DEVELOPMENT
|, IMPROVED VISCOSITY FLUIDS
2. ELASTOMER WEAR RESISTANCE
3. HARD VACUUM SEALING

4, NON~ELASTOMERIC SEALS

ACTUATION SYSTEM DESIGN CRITERIA FOR SPACE APPLICATIONS
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