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HONELASTOMERIC ROD SFALS FOR ADVANCED HYDRAULIC SYSTEMS

by Williawm F, Hady
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and Alvin W, Waterman
Boeing Commercial Airplane Company
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ABSTRACT

Advaneed high temperature hydrauiic system rod sealing recquirements
can be met by using seals maae of nonelastomeric (plastic) waterials in
applicatiors where elastomers do not have adequate life, Exploratory
seal designs wece optimized for advanced applications using machinable
polyimide materials, Theze seals demonstrated equivalent flight hour
1ives of 12 500 at 350 F and 9875 at 400° to 450° F in advanced hy-
draulic gystem simulation. Successful operation was also attained undex
simulated space shuttle applications; 96 reentry thermal cycles and
1438 hours of vacuum storage. Tests of less expensive molded plastic
seals indiczted a need for improved materials to provide equivalent per-
formance to the machinecd seals. :

INTRODUGTION

The development of hydraulic systems for advanced aircraft and space
applications requires use of materials and design concepts that are suit-
able in more adverse environmental conditions than exist in current appli-
cations. The higher fluid temperatures identifiled with these hydraulic
systems preclude the use of many heretofore conventional seal degipgn
practices, The universal application of the elastomer to all hydraulic
sealing applications is no longer possible and critical dynamic sealing
requirements can only be satisfied using materials capable of long life
at high fluid temperatures.

The material properties of advanced nonelastomeric {plastics) are
acceptable for the entire raunge of Type III hydraulic system temperatures
(-65° to 450° F) and considerably higher temperatures, making these mate-
rials prime candidates for experimental seal research for advanced appli-
cations involving two-stage linear rod seals for flight control surface
actuators. NASA-initiated research was instrumental in the early develop~
ment of a two-stage seal, using polyimides in exploratory tests to deter-
mine sealing characteristies under various operating environments (Refs, 1
and 2).

Nech-sponsored research conducted at Boeing extended the exploratory
development of the two-stage seal to that of performance verification
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testing simulating actual high-performance hydraulic system requitements
(Refs, 3 to 6). Testing of plastic first-stage seals was discontinued
after results showed that the wear properties of machined pelyimide and
the strength properties of injection molded aromatic copolyester mate-
rials limited the life of the first-stage seals below that desired for
the applications being investigated. This paper, therefore, degcribes
the desipgn, development and testing conducted on second-stage rod seals,
made of both machinable and moldable plasties. The eévaluation was par-
ticularly important because the material fatigue limit stresses of the
plastic seals were in the same order as the imposed stresses that occur
during the design life in advanced hydraulic system applications.

Performance measurement under such dynamie stress conditions, simu-
lating requirements for both alrcraft and manned space vehicles, was the
first step leadlng to seal developuent for advanced applications having
environments uniquely sultable for pl-stic materlals., The program in-
cluded analyses of basic seal desipgns and improvement of those designs
baged on recommended stress distributions., Seals were fabricated and
tested to the fatigue environments of cyclic impulse and fatigue life
typical of a supersonle transpert or high-performance military aireraft
and to similar requirements, plus the thermal cycling and vacuum exposure
experienced in space shuttle applications.

DESIGN REQUIREMENTS

Flight control actuator requirements were investigated to establish
seal desipn criteria because such actuation equipment receives the high-
est degree of time utilization in flight and is subject to the most
severe environmental conditions. The general criteria, applicable to
the most representative candidate primary £light control actuators having
rod sizes nearest those avallable for the test evaluation, were used to
establish the design and test parameters for the rod seals studied, The
seal configuration acceptable for application was a continuocusly pressur-
ized tweo-stage linear actuator rod seal with bleedoff to return between
the first and second stages,

The hydraulle fluids considered during design and used during kesg-
ing were a hipgh-temperature polyolester, and MIL-H-83282, a synthetic
hydrocarbon. fThe hydraulic test system was of a clesed clreculation loop
design, operating normally over the temperature range of -50% to 450° F
and at a nominal working pressure of 4000 psig.

The required flight life of advanced hydraulic components was estab-
lished at 50 000 br with flight control actuater overhaul periods at a
winimum of 12 500 hy intervals. Seals were to be replaced during each
overhaul; thus overhaul life was established as the endurance life fot
actuator seals. The mean or nominal cycele life for rod seals in £light
control actuators during 12 500 hours between overhauls wee éstablished
at approximately 8x100 cycles.
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A relationship was determined for the pressure environment to which
the second-stage seal would be exposed during a maximum pressure surge
created in an operational maneuver. 7This relationship was analytically
simulated using the Boeing HYTRAN computer program and the mathe-
matical wmodel of an advanced airplane hydraulic system. Pressure condl-
tions observed at the actuator inlet and at the second-stage ezl in an
actuator representative of the size available for testing are shown in
Fig. 1, It was concluded frem this analysis that there was no practical
way to substantially reduce the second-stage seal pressure requirements
below the maximum dynamic return pressure during a surge. It was, there-
fore, necessary to develop a polyimide seal to satlsfy the 1450 psig
dynamic requirement., The second-stage seal pressure impulse requlrement
was thus e¢ :blished as 200 000 cycles of O to 1500 to 0 psig with a rise
rate betwr a 25 000 to 35 000 psig/sec, based on the HYTRAN simulator
runs.

Specific friction criteria for each seal size were based on the mean
friction forces obtained during numerous Boeing research tests conducted
during the Boeing/DOT SST development. These criteria were 8 1bf maximum
friction force at the second-stage seal on a 1.0-inch diameter yod with a
200 psig upstream pressure and 30 1bf maximum friction force at the seal
on a 2,5-~inch diameter rod, under the same pressure conditilons,

The external leakage allowable was 2 drops per 25 cycles at each end
of an actuator at any temperature and pressure, A goal of zero leakage
was established but was not justification for rejection of the seal if
the goal could not be obtained.

SEAL DESIGN

The primary design objective of the rod seal evaluation was to opti-
mize NASA second-stage exploratory seal designs and test the revised de-
signs to realistic and existing requirements for actuators to be used in
high~performance aircraft and space vebiicles, The nominal geometric seal
shape was extremely sensitive to the relationship between material
stresses and the imposed hydraulic pressure loading. A stress analysis
was therefore performed to determine the specific geometry, adaptable
within available test actuators, that would tolerate the highest hydrauiic
pressure reversals occurring during dynamic operation., There wers a num-
ber of design iterations leading to the final configuration of a tapered-
leg, thickened-apex chevron design as shown on Fig. 2, The seal consists
of four elements: two chevroms, the buckup, and the strongback.

Material Considerations

Machinable polyimides were the only available plastic materials at
the beginning c¢f this program that had acceptable tensile and cowpressive
strength. Selection of a material having a 15% graphite filler, was
based on manufacturers published information and supplementary testing



performed by NASA and Boeing.

Very little data were found to describe the polyimide material
feolgue limit stress, Avallable data for the selected material were at
a specific stress cycle with a zero mean as illustrated in Fig, 3, (&
zero-mean Stress was defined as equal mapnitude tensilon and compression
loading about a zero stress.) The stress cycle needed to be satisfied
in the design application was jmposed on a tensile-mean stress. The
difference between the maximum and minimum values in the design stress
eyele from Fig., 3 were significantly less than the material fatigue
Timit stress, although the maximum design tensile stress at 350° F ex-
ceeded the materigl limit for this temperature, Because the design
stress amplitude was only 28% of the material limit and the maximum
stress exceeded the material limit in tension by only 9%, it was con-
cluded that a seal made of machinable 15% graphite filled polyiwmide
could meet the high-temperature cyclie stress requirements of the appli-
cation,

The large differentigl between coefficients of thermal expansion for
the steel actuator, 7x10~0 1n,/in, /PF, and for the polyimide in the seal,
23><10"6 in, /in. / F needed to be considered in the seagl design so that
leakage paths would not be introduced at the seal ID at high temperature
and at the seal 0D at low temperature, The magnitudes of these effects
are illustrated in Fig, 4, showing the free dimension relationships be-
tween the seal and cavity if the full effects of differential expansion
and apging or shrinkage were allowed without compensation. Heat treating
of the material during fabrication eliminated most of the effect aging
during the testing phase,

Stress Analysis

The stress analysis of the chevron seal was treated using a finite-
element plate analysis which represented the elemental interactions within
the chevron seal. The definition used for each of the finite elements of
the chevron seal is a plate as described in Fig. 5. The Boelng SAMECS
computer program used the direct stiffness (displacement) method to
perform the required analyses. This method of analysis evaluated the
response of individual plates, or elements, and subsequently cowmbined
those responses to produce compatibilicy within the sitructure. Unkoown
rotations and displacements of the seal were determined using the matrix
form of the following equation:

[e]l = (K]

where {K] was the stiffness matrix, {¥] was the force matrix, and [p] was
the matrix of unknown displacements.

“L1F)

The predominant stresses encountered in the finite-element analysis
of the chevron seal were meridional bending stresses. These meridional
bending stresses were caused by interaction foreces between the chevron
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leps and boundary reactions at the seal gland OD and ID. Gland depth did
not greatly affect the stress.

The freebodies din Fig. 6 1llustrate the predominate forces and reac-
tions to which a two-chevron configuration was subjected. Hoop stiffness
(Knoop) and beam bending stiffness were interrelated such that, as rod
diameter became larger, the load was reacted by increased beam bending,
For rod diameters of 1.0 inch and larger, the dominant influénce was beam
bending. For rod diameters less thar 1.0 inch, the hoop stiffness may be-
come dominant due to the lower tensile stresses in the parallel grain of
the polyimide material,

Another parameter important to stress analysis was the curved-beam
correction factor for bending stresses, Because there was & nonlivear
distribution of stresses due te curved-beam bending, correction factors,
Ki and Kg, had to be applied as indicated in Fig, 7, The R/¢ wvalue
for the exploratory seals was set at a winimum of 4.0, This value was
accepted as a minimum objective for design to keep the inside fiber
stresses from exceeding practical limits for the material,

Fig, 8 1illustrates, in summary form, the iterations of the stress
optimization studies performed for the 1.0 in, rod application. Analysis
was initiated with a gland depth assignment, curve 1, COptimizations were
then conducted for the effects of leg thickness and leg angle, curves 2
and 3, showing favorable reductions in the tensile stress. Thig result
was not evidenced in the compressive stress analysis, Leg angle optimi-
zation, curve 3, showed a large increase in compressive stress. This
effect was unavoldable and important information for the analyst to use
in designing the backup block, part 1, Fig. 2,

Chevron Final Design

The final design for the chevron seal assembly of Fig. 2 was com~
pleted, utilizing the advantages of opposing pressure and preset loads teo
offset the disadvantages of large presets and provide seal designs that
required no loading springs,

The downstream chevron element was rigidly supported by a rounded
backup block through contact at the chevron apex. This support produced
a less severe stress condition in the downstream chevron element than was
present in the upstream element, which was not similarly supported. By
placing a "strongback" or rigid body between the downstream and upstream
chevron elements of a two-element assembly, the stress distribution in
both elements was made similar. Designs for a small, 1.0 in., and a
large, 2.5 in., diameter rod assembly, using this rigid supporting tech-
nique for both elements, were developed as follows,.

Preset for the small-size chevron seal was assigned to provide a
minimum of 0.001 in. interference fit at both the inside and outside
legs of the two chevron elements at any temperature condition. Maximum
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preset at the extremes of the temperature range was 0,005 in, in a
0.121 in. gland, consistent with MIL-G-5514,

It was found that no realistie stress solution existed for a chevron
with a leg thickness that was capable of resisting 0,005 in, preset and
1000 psi pressure loading without drastically exceeding the 4,30 ksi
allowable stress envelope at 350° F. Acceptable solutions had different
leg thicknesses for the deflection and pressure conditions, indicating
that a tapered leg chevron was required.

Computer solutions using the finite-element analysis were obtalned
to evaluate the model shown in Fig, 9 for the region of acceptable con-
fipuration design, A limitation of 0,015 in., minimum thickness at the
leg tip was established, so that there would be sufficient thickness to
support shear forces inposed by the cutting tools during fabrication.
The thickness at the apex was required to be 1.2 times the leg thickness
at the tangent, based on prior analysis that this ratio would not over-
stress the gpex at maximum preset when the stresses at the tangent were
acceptable,

The results of the computer analysis are shown in Fig. 10 for the
region of solutions acceptable for the envelope of stress allowables.
an evaluation of the results was made to reach a prictical solution for
the 1.0 in, rod application. A minimum of 20° for the leg angle was
established as a compromise to keep the leg length within practical
limits. Lower angles required high taper ratios, which increased the
chevron contact foot area. A Llimiting value occurred at 159, where the
entire leg was in contact with the gland.

At a 209 leg angle there was no theoretical solution within the
+4,30 ksi stress envelope. The best practical solution provided stresses
within -4.80 to 3.70 ksi, using a chevron tangent point thickness of
0.023 1in, This was considered a sound compromise becauvse: (a) the devi~
ation from either the preset or pressure curve was small and judged to be
within the conservatism of the material limit, and (b) the accuracy cf
dimensional contyol during fabrication could net guarantee the tolerance
applied to the angle of crossover between the theoretical preset aad
pressure curves shown,

An analysis similar to that described above was independently per-
formed to determine the region of acceptable design for the large,
2.5 in., rod application, using a two-element chevron assembly separated
by a strongback,

K-Section Seal Design
A design for a K-section seal, similar in concept to the chevron con-

figuration, but incorporating a backup section as an integral part of the
sealing element, was initiated independent of the chevron analysis.
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Stress consideraticus were based -m the K-section being comprised of a
stiff vertical menber of constant cross section and two independent,
tapered legs. As such, each leg was a flexible cantilever beam, having
a specific taper ratio., The loading condition on each leg was composed
of a pressure compontat and a preset component in similax fashion to

the chevron leg loads. The pressure-induced load was the same as the
load induced in a chevron leg having the scme dinensional parameters;
however, the K-section leg reacted with greater rigidity to preset
loading, because there was no interaction between legs of the K-section,

The reduced flexibility in the K-section legs, due to preset load-
ing, was indicated in the stregs sensitivity to the distribution of
thickness along the tapered leg., The optimum solution was to have a
sealing leg profile with the shape of an ogee curve, The dmpracticality
of such a design required a compromise to make the K-section leg the
same as used in the chevron design, with a rigid vertical beam as an
integral part of the apex geometry. Fig, 11 is the final K-section de-
sign for the small 1.0 in, size seal.

SCREENING EVALUATION OF MACHINED POLYIMIDE SEALS

Second-stage chevron and K-section seals in both 1,0 and 2,5 in,
diameter sizes were manufactured by Beelng from machinable polyimide
material,

Screening tests were developed to show the differences between the
alternate seal candidates and provide data that would show a quantitative
measire of the potential for the seals under stress environments, typical
of an advanced hydraulic system application., The screening tests selected
were an impulse test to evaluate the styructural integrity of the seal
cross section, and a friction test to evaluate the forces that contribute
to dnefficiency of the hydraulic actuator, The results of the screening
tests were used to select seal candidates for endurance life cycling.

Impulse Test Results

The impulse test for the second-stage chevron and K-gection seals
consisted of 200 000 cycles per the profile of Fig. 12, Cycles were
accumilated with 40 000 at 100° ¥, 115 000 =t 275° ¥, 40 000 at 350° F,
and 5000 at 400° F. Leakage was measured as cycles-per-drop against
an allowable of one drop in 10530 cycles. The most severe lmakapge ob-
served during testing was one drop in 4368 cycles, obtained at 350° F,
This was less than 1/4 of the allowable.

Examination of the seals after impulse testing revealed superficial
structural cracks in the legs of some sealing elements. Despite these
cracks, all seals retained the ability to provide fluid containment
during a test more severe than expected in normal service. There was no
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svidence of chips or broken pieces from the seal parts,

Friction Test Results

Tests of both statdie and dynamic friction were conducted to deter-
mine the quantitative relationship between the friction foreces for both
sizes of chevron and K-~section configurations of second-stage seals,

Data of Fig. 13 shows that the effect of temperature is pronounced with
the larger sive seal and velates to the increase in normal force produced
by the differences in coefficient of tharmal expansion between polyimide
and steel, The temperature effects on breakout friction were determined
to be insignificant resulting in linear breakout friction slopes of

0.5 1bf/psi for the 2.5 in, diameter seals and 0,125 1bf/psi for the

1.0 in. diameter seals., The friction force of the 2.5 inch seal did,
however, exceed the desired desipgn friction criteria of 30 1bf at 300° ¥,

ENDURANCE EVALUATION OF MACHINED POLYIMIDE SEALS

The objective of the endurance test was to provide data on the life
of plastic seals in a typical fatigue envirenment for £light control
actuators powered by a high-performance hydraulic system, The endurance
tests were conducted with two actuators, simultaneously overated against
torque loads of £light control surface magnitude. The K-section seal
was tested in the larger actuator and the chevron seal in the smaller
actuator. This selection was made, based on the stress analysis that
showed the K~section to be more critical than the chevron in the larger
size,

A test of four sequences of 770 000 cycles each, at 350° F was con-
ducted. Each sequence coasisted of 750 000 cycles at 27 load-and-stroke
with 20 000 cycles of a mixture of 25, 50, and 100%, load-and-stroke
eycles interspersed.

The average leakages obtained during testing are shown on Table 1
and were all within the allowable of 2 drops/25 cycles, except during
100% stroking with the smwaller actuator. The leakage during this 100%
stroking condition should not, however, be considered by itself, since
a typical flight profile contains only a small portion of 100Z strokes,.
The overall jean for leakage during the entire endurance test approached
that of the short-stroke leakage. TPost-test inspection of the second-
stage seals from both actuators showed no abnormal wear patterns, no
evidence of cracking, and the polished contact areas as expected on the
inside and outside diameter faces,

Development testing of the 2.5 in. K-section and 1.0 in, chevren
second-stage rod seals was continued by extending erdurance cycling tests
to investigate sealing capability beyond the desipn temperature of 350° F,
and to the upper temperature limit of a Type III hydraulic system, 450° F.
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A total of 3.855«106 cycles at 400° F with an additional 1,925x106 cyeles
at 450° F were accumulated, representilag 9375 equivalent flight hours

of an advanced alrcraft. Load and stroke conditions that were used in
previous testing were repeated in the same proportions.

Leakage measurements are shown on Table 2. There were no unexplain-
able conditions where leakage was in excess of 2 draps/25 cyeles, During
one change between short and long stroke cycling at 400° F, residue on
one rod, due to theymal decomposition of the fluid film, caused erratic
leakage as the vod was retracted through the seal, Subsegquently, such
residue was manually removed prior to changing stroke cenditions, Aver-
age leakage data was not truly representative because data taken during
many measurement periods showed no evidence of leakage,

Testing at 450° F resulted in a much faster formation of £luid de-
composition residue on rods, This residue affected the consistency of
leakage measurements and could not be effectively removed by scrapers.
As evidenced during testing at 400° F, the average leakage measuréments
were rot representative. Satisfactory seal pevformance was demonstrated
by the ability of the seals to contain fluid within allowable limits
under the most severe load/stroke conditions, during bolh the beginning
and ending sequences of cycling, Inspection of the seals following the
400° to 450° F testing showed fluid decomposition residue on the seals,
There were no cracks or drregularities and no unusual wear,

The testing completed adequately showed the fatigue life of the
second-stage seals to be greater than expected based on the material
fatigue limit stress used in the design analysis,

SPACE ENVIRONMENT EVALUATION OF MACHINED POLYIMIDE SEALS

The second-stage K-section seal in the 2.5-in. diameter size was
further tested to evaluate its performance in simulated space environ-
ments involving thermal cyeling and vacuum exposure. The tests consisted
of alternating thermal cycling and vacuum tests to simulate repeated re-
entry heating and space vacuum storage while on station., Fig, 14 show.

a typical heating cyele, Thermal cycling was conducted between room
temperature and 400° F, with intermediate cooling between cycles to

150° F, The actuator was cycled at l.U-in, strcke ana 0.6 Hz except
during the first 1/2 hr of heating in each thermal eycle, during which
time the actuator ecycling was at 0,25 Hz, All actuator cycling was under
simulated load representative of space shuttle actuator reentry condi-
tions.

The test seal completed 96 thearmal cycles with no failures or deteri-
oration in seal performance. The maximum leakage observed during any
S-mini observatilon period was cne drop. 7This corresponds te 180 actuation
cycles per drop of leakage. The seals thus showed a level of performance
14 times better than the allowable.
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The vacuum environment tests were conducted to evaluate the sulta-
bility of the polyimlide K-gection rod seal for space shuttle applications
requiring seal reliability during an extended pericd of continucus vacuum
exposure, In a .rpical space shuttle application, the actuator rod seals
would be exposed to periods of cyelic rod actuation alte:uated with peri-
ods when the actuator would be stowed or locked with the seals remaining
pressurized, The tests simulated this environment to assess seal leakage
variation as a function of changing actuation stroke and fluid base.
Tests were performed with MIL-H-83282, a synthetic hydrocarbon hydraulic
fluid ¢7) and with MIL-H-3606, a petroleum-base hydraulic fluid (8).

All vacuum testing was completed with no failures or deterioration
of the test seals, The seals were exposed to a total of 2491 hrs under
hard vacuum, 583 hrs of these with the actuator rod being stroked for a
total of 472 571 extend-retract cycles,

Seal leskapge was measured beii; during rod actuation and while the
rod was in the stowed (retracted) position during overnight and weekend
periods. Results shown on Table 3 indicate sealing performance during
actuation to be better than ths allowable of 2 drops per 25 cyeles, Leak-
age durlng pressurized stowape averaged 2.2 drops/hr for overnight periods
and 0.2 drops/hy for weekend periods, indicating that long periedg of in-
activity assisted in reduecing leakage. Adequate sealing was accomplished
under all conditions of testing with both of the £luids used.

EVALUATION OF MOLDED PLASTIC SEALS

The high Fabrication cost of machining the complex geometry of the
chevron and K-section second-stage seals is che major disadvantage that
will Ldwit the use of these seals to only specialilzed applications, A
substantial cost reduction was potentially posidible 1f these seals could
be molded. The results of NASA evaliations suggested that some new mold-
able plastics had sufficient tensile strength characteristics comparable
to machinable polyimides and that the development of moldable seals was
feasible., Because property data on these molding compounds was also
limited, impulse and endurance tests of the finished seals were required
to demonstrate structural iontegrity and fatigue life in comparison tc the
machined seals,

A total of five seals sets of the 2.5 in, chevron confipuration were
fabricated from five wolding mateyials. The chevren elements of the
geal, part 2 on Fig. 2, were the only pieces fabricated by molding, these
being the parts that perform the actual sealing function. The remaining
parts needed to complete the seal assemblies were machined parts retained
for use from previous testing.

The material class, composition and molding process used to fabri-
cate test elements is shown on Table 4,
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411 of the chevron seal elements pade from the aromatic polyimide
were compression molded and finished by touchup machining of the sealing
surfaces., The compression molded chevron made from the aromatic co-
polyester was molded in the shape of 4 rectangular cross-gection torrold
and then machined to the seal element shape.

Inspection of the finished molded seals showed that the geometric
shapes of the chevron elements made from arvmatic polyimides all ex-
hibited an obvicus shoulder at the sealing surface of the outer leg of
each chevron. The presence of this shoulder indicated that molding
shrinkage was more than anticipated.

Material nonhomogeneity was very prevalent on the chevron elements
using filler materials with most of the MoSz and graphite filled elements
showing uneven flow of the fillers throughout, The unfilled elemeuts, in
contrast, showed excellent material uniformity and the best conformance
to drawing diameters, with an average deviation of 0.001l4 in. undersize
on the ID and 0.0006 in., undersize on the 0D dimensions compared to the
drawing reference.

Only two chevron elements of the eight machined from blanks made out
of the aromatic copolyester compression molding material showed any mold-
ing faults which were cause for rejection. All of the chevron elements
made by injection molding the copolyester material had major and minor
fauits with eight of the ten elements immediately rejected because of
visible fractures. TFig. 15 is a photograph of a typical crack and shows
its proximity to the molding riser position at the inside apex of the
chevron cross section., This type of crack and its location indicates
that failure was probably caused by stress-relieving during coeling after
removing the finished part from the mold and showed that the wmolding
material had marginal strength in the finished eross section,

Dimensional inspections indicated rather poor adherence to drawing
dimension specifications for all chevron elements made of the copolyester
materials, Compression molded elements showed cversize ID's and OD's
implving that overstressing of the outer leg and reduced sealing at the
rod would occur at elevated temperature. Injection molded copolyester
elements showed cversize OD's and undersize ID's indicating that over-
stress of bBoth legs would ocecur at elevated temperature,

ITmnulge Test Screenin
2 g

Impulse tests to the same requirements imposed on the machined ele-
ment seals were conducted on seal assemblies using the molded seal ele-
ments.

None of the seals tested demonstrated performance as good as that of
the machined seals, The 2,5-in. chevron machined seal assewbly had a
total leakage of 1.75 cc during the 200 000 cycles of impulse testing.
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In comparigon, the best assembly using molded eclewments, wade from the
aromatic polyimide with a 10% graphite filler, exhibited 22,1 cc total
leakage during the 200 000 iwpulse eyeles. The chevrons made of the
aromatic copolyester materials structurally failed durding impulse cycle
calibration, therefore leakage performance could not be measured, These
failures were due to the lack of material impact strength as evidenced
by the fractures around the entire cirecumferenmece of the sealing elements,
as 1llustyrated in the photograph of Fig, 16.

Dimensional inspections of the chevrons made of the aromatic poly-
imide series of materials that completed impulse tests all showed evi-
dence of shrinkage averaging 0,0195 in, on the outside diametey, This
was evidence that thermal setting had gceurred during impulse testing at
the higher temperatures,

Endurance Testing

The results of impulse testing siowed the unfilled aromatisz poly-
imide to exhi».i *he least amount of thrrmal setting, better resistanue
to surface w . ayvking, and superlor homcgenelty compared with elther the
Mo8, or geaphite filled materials. Seals using elements molded of this
viaterial were selected for use during endurance testing,

The requirements dimposed during the endurance test were identical
to those established for siwmilar testdng conducted on machined seals,
The test duration was established at 3285%106 cycles of actuation at
350° F with the major portion (3,75x10° cycles) conducted under short
stroke, 2 percent, operation,

The sealing performance of the molded elements, determined by leak-
age measurements made during endurance testing, was demonstrated by an
average leakage of one drop per 484 actuation cycles for short stroke
performance (2 percent) and one drep per 114 actuation ecycles during leng
stroke testing (summation of 25, 50, and 100 percent stroke data). The
original zhevron seal design criterda for leakage acceptance during
endurance testing was a minimum of ome drop per 12.5 cycles which was
met by the molded chevron elements.

The leakage performance of the molded elements was compared to the
performance of machined elements previously evaluated. The results on
Table 5 demonstrate that the molded elements exhibilt much poorer perform—
ance than the machined elements

RESEARCH ACHISVEMENTS

These development efforts have resulted in a substantial advancement
in the state-of-the-art of hydraulic actuatur rod seals, It was demon-
strated that a two-stage rod seal concept using a machined polyimide
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second-stage of either a chevron cr K-section configuration ean adequately
contain fluid in advanced systems operating in extreme environments.
Specific concluvions reached relative teo design considerations are as
follows:

On Material Selection

Machinable polyimides with & balanced combination of high ultimate
stress allowables and low coefficlent of thermal expansion srovide the
optimum properties for achieving the best performance from the seals,
Such performance comes at the expense cf complex machining of seal parts.
The reduced performance of molded seals is not In itself unsatisfactory
for a majority of applications. Moldable materials that have higher im-
pact strength than those tested and more consistent physical properties
are desired, With such materials and improved molding techniques that
provide better dimensional contrel, seals of a quality acceptable for
industry use are expected to be manufactured at much less expense than

machined seals.
]

On Second-Stage Seals

The life capabilities of the machined second-stage seals were not
fully evaluated because fatigue Failures were not encountered, Seal size
reduction to MIL-G-5514F gland depths precluded the use of springs to
provide seal leg expansion to fill the gland at design temperature ex-—
tremes, necessitating design to higher stress conditions, Chevron seal
geometry was optimized for severe fatigue requirements by balancing the
design between pressure stresses and preset Interference stresses. The
K-section seal design was wore ¢ritical than the chevren due to less
flexibility in the sealing element legs. )

RECOMMENDAT IONS

Machined plastic seals that have passed laboratery tests should be
used in £light applications wheare severe environments require sealing
techniques beyond the capabilities of present elastomeric materials,
Continued iesearch is recommended to éomplete the assessment of the
practical use of plastic seals in aircraft actuator applications, Eval-
udtions that should be conducted to this end are to continue the endur-
ance validation of the chevron and K-section second-stage seals to their
design limitations by testing machined seals to failure, Thiz testing
will provide results quantifying the design analysis tool and provide
data to update thbe tool for any design conservatism, making it dependable
for future use. This should be accomplished by progressively increasing
the impulse test conditions for second-stape seals toward the requirement
for first-stage seals until seal fracture is evidenced.
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An investigation of improved molding materials should be conducted
to find materials with equivalent impulse and fatigue properties t» those
of the machinable polyimides. If such molding materials are not avall-
able, the desipn for the molded seal must be altered to accommedate the
properties of the molding matevials with the most suitable properties,
More extensive property testing of materials and further refinement of
molding procedures is recommended to establish material/design compati-
bility before further performance testing of molded seals for advanced
alrplane and space wvehicle hydraulic system applications.

The development testing of plastic first-stage seals, should be re-
sumed to incorporate updated material property information., Additional
tests will determine whether seals, designed for a known wear character-
istic at high pressure, actually perform in the manner designed,
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TABLE I. - LEAKAGE DURING MACHINED POLYIMIDE SEAL CYCLING & 350° F

L— - P N " P—

Seal configuration
2.5 in, K-section 1.0 in., ighey

pm—

Legkage performance eyeles/drop cycles/drop

Minimum aceepted value 12.5 12.5
Average value 2% load/stroke 75 300
25% 37.5 94
50% 22.5 90
1007 20 8.5
Cycles accumulated @ 2% 3.15x100 2. 84106

@ 25%, 50%, 100% 0.06x106 0.06x106

TABLE 2. - LEAKAGE DURING MACHINED POLYIMIDE SEAL

CYCLING @ 400° AND 450° ¥

Seal configuration 2,5 in. 1.0 in. 2.5 in. 1.0 in.

K~section chevron K-section  chevron
Test temperature 400° ¥ 450° F
Leakage performance eyclzg/drop eyeles/drop
Minimum acceptable value 12.5 12.5 12,5 12.5
Average value 27 load/stroke 22 562 1407 17 648 666
25% 2 406 1467 2 988 255
50% 2 154 1232 2 178 715
100% 2 016 1485 1 584 645
Cycles accumulated @ 2Y% 3.75x100  3,75x106 1.875x10% 1.875x106
@ 25%, 50%, 100% 0.1x106  0,1x106 0.05x10%  0.05x100

PRECEDING PAGE BLANK NOT FILMED



TABLE 3. - 2,5 IN. K-SECTION SEAL LEAKAGE DURING VACUUM TESTING

Fluid Average leakage Maximum leakage

Actuation @ 16 cycles/min (single measurement)
% stroke drops/8 hrs 8 hrs 16 hrs 64 hrs
(100% = 4 in) actuation storage storage
cycles/drop drops drops
MIL-H-83282 100 41 113 8 0
75 19
50 20
25 17
MiL-H-5606 100 124 58 14 22
75 72
50 44
25 24

Average downstream seal pressure = 106 mm Hg

TABLE 4. - MOLDING MATERIALS FOR SECOND-STAGE SEALS

Material class Filler Molding process

Aromatic polyimide None Compression
Aromatic polyimide 107 MoS9 Compression
Aromatic polyimide 10% graphite Compression
Aromatic copolyester None Compression
Arcmatic copolyester Nune Injection

TABLE £, - MOLDED SEAL PERFORMANCE

Short stroke Long stroke
actuation actuation
eycles/drop eyclas/drop
Average performance with 484 114
molded chevron elements
Average performance wit: 224 659 2717

machined K-section elements
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