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FOREWORD

The work described herein was conducted by Republic Aviation Division of
Fairchild Hiller under NASA Contract NAS 3-11170, The program was initiated
by the Fluid Systems Components Division of NASA Lewis Research Center,
under the direction of Mr. R. L, Johnson, with Mr. D. P. Townsend acting as
NASA Project Manager, and Mr. W. R. Loomis, Research Advisor.

Work on this program at Republic Aviation Division was under the direction
of Mr. J. Lee, Project Manager - Fluid Systems Laboratory, with Mr. J. J.
Brown, Chief - Hydromechanical Department, providing overall program

supervision.
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Development of High-Temperature
Polyimide Rod Seals

by J, Lee

Fairchild Hiller Corporation
Republic Aviation Division

ABSTRACT

A polyimide V-seal evolved and tested with considerable success in a previous
program under NASA Contract NAS 3-7264 was redesigned to improve the seal's
fatigue life and to provide a more efficient and controllable loading of the seal. Two
redesigned versions of the original seal were tested in conjunction with a spring-
loaded lip seal using the original V-seal as the control specimen. Both of the
improved V-seal configurations demonstrated exceptionally good sealing performance
in meeting the program objective of 20 million short-stroke cycles of operation at
500°F (260°C). The original V-seal design failed after approximately 11 million
cycles, which was approximately the operating life obtained in previous testing.

The spring-loaded lip seal developed excessive leakage after 3, 3 million cycles
due to shrinkage of the polyimide material, Results obtained on the modified
V-seals demonstrated the validity of the techniques used to improve the per-
formance of the seals,






SUMMARY

The objective of this program, conducted under NASA contract NAS 3-11170,
was to develop high performance polyimide rod seals for use with hydraulic fluids
in advanced aircraft. The developed seals were intended for use as the low pressure,
zero leakage, sealing element in a two-stage seal arrangement. In pursuing this
objective, investigations were conducted to 1) further develop the polyimide V-
seal evolved under a previous NASA contract (NAS 3-7264), 2) develop other seal
designs, and 3) conduct long-term short-stroke cycling tests in chlorinated phenyl
methyl silicone fluid at 500°F (260°C) on the most promising seal configurations to
verify their sealing capability.

The V-seal evaluated in Contract NAS 3-7264 was redesigned based on
thorough analyses of its configuration, the physical properties of the material,
and known failure modes. Two improved versions of the original V-seal design
were evolved and were designated as Design B-1 and Design HB-1. Unique features
of these seals are their geometry and method of loading. Design B-1 incorporates
longer seal legs than those used in the original design and utilizes a dual load path
loading device which permits independent and controllable loading to the inner and
outer surfaces of the seal. To minimize the notch sensitivity effects of the material,
Degign HB-1 incorporates linearly tapered legs to decrease the bending stresses
at the transition area of the seal. The dual loading device is also used in this
design. Both configurations met the 20 million cycle goal of the program without
failure. Total fluid leakage accumulated during 1172 hours of operation was 27.5 cc
for Design B-1 and 25,5 cc for Design HB-1, which was well within the specified
leakage of 3 cc per hour. The performance of these two configurations represents
a substantial improvement over that of the original V-seal configuration, which
failed after approximately 11 million cycles during the same test. Fatigue
failure of the material, experienced in previous testing, was éssentia.lly eliminated
in the redesigned seals.

In addition to Designs B-1 and HB-1, a spring-loaded lip seal was also
developed and tested. However, failure of this seal due to excessive leakage



occurred after 3.3 million cycles. Although the lip seal offers simplicity in

design and low operating friction, further development work is required to refine
the design.

Based on the results of this research effort, substantial progress
has been made toward developing workable rod seal configurations for high
temperature hydraulic applications. The polyimide seals designed and
evaluated during the course of this work have shown greatly improved perfor-

mance over the polyimide V-seal designs of the earlier program.



INTRODUCTION

The continuing need for increased reliability and efficiency of fluid power sys~
tems for advanced aircraft has spurred development in the area of new and improved
sealing devices. One approach to meeting the rigorous operating environment
anticipated for future aircraft is the use of two-stage seals for fluid containment in
hydraulic actuators. This report summarizes the results of a program to develop
high temperature resistant rod seals for use as zero leakage second-stage seals
for such multiple seal arrangements, This effort was directed specifically
towards the use of a polyimide plastic as the material of construction for the
developed seals, The polyimides, which are organic condensation polymers
derived from the reaction between pyrometallic dianhydrides and aromatic
diamines, have undergone considerable investigation in earlier work conducted
under NASA Contract NAS 3-7264, In this early effort, polyimide seals were
evolved which exhibited an operational life of 1300 hours at fluid temperature
up to 500°F (260°C).

In the program reported herein, a concerted effort was made to improve
upon the earlier seal designs, develop other designs which most effectively use
the mechanical properties of the polyimide, and conduct long-term cycling tests
at 500°F (260°C) on the most promising seal configurations to evaluate design

improvements,

This report presents the results and conclusions of this research under-

taking, Descriptions of test equipment and test procedures are also included,






SECTION 1
SEAL DESIGN AND DEVELOPMENT

A, GENERAL

The 45° V-seal developed and tested under Contract NAS 3-7264 (ref, 1)
was used as the basis for the design and development effort, The primary
objective of this task was to extend the operating life of the V-seal configuration
through design improvements based on a thorough analysis of its configuration,
failure modes, and physical behavior of the polyimide material, Additional seal
designs were evolved based on the foregoing analyses, Seven basic seal con~
cepis were developed and subjected to bench testing to verify the designs, Of
these seals, three candidates were selected for testing along with the original
V-seal design,

B. ANALYSIS

Based on previous test results obtained on the one-inch diameter (2, 54 cm)
polyimide V-seals (ref, 1), failure of the seal after 1300 hours of operation was
believed to have been caused primarily by fatigue as a consequence of the seal's
shape and loading condition, A time-dependent factor may have also been sig-
nificant: namely, that slow relaxation of the material at temperature caused
changes in geometry and loading conditions that were of sufficient magnitude

eventually to cause failure,

Seal failure (Figures 1, 2, and 3) usually occurred at the inboard element,
with progressively less damage to the middle and outboard elements, The
inboard element received the full effects of fluid pressure, distributing some
of the load to the cavity walls and the balance to the other two elements, These
factors point again to geometry and loading as the determinants of failure, since
the most heavily loaded member consistently sustained the worst damage, The
seals usually failed cleanly around a well-defined circumference or on a radius,
The circumferential failures were close to the point of support by the inboard
load ring, indicating either a point of inflection in bending or a shear plane,
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45° V-Seal, 1300 Hours of Testing (No, 2 Seal)

Figure 2,
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The radial cracks may have been tensile failures due to shrinkage resulting from
thermal cycling, The polyimide material is known to be quite notch sensitive,
and an imperfection may have caused some of these failures, In either case,

loading and geometry were considered to be the fundamental causes of failure,

1, Dimensional Study of 45° V-Seal

Results of the dimensional analysis of the 45° V-seal used in the
endurance test conducted in reference 1 substantiate most of the early findings
relating to its failure, Dimensional changes and changes in the basic geometry
of the seal due to plastic deformation are evidenced in Figures 4, 5, and 6,
Figures 4 and 5 show the detailed dimensions obtained from a cross-sectional
sample of the tested and untested seals, respectively, Relative changes in the
basic geometry of the tested seal is shown in the composite views depicted in
Figure 6, Dimensions of the cross-sectional seal samples were obtained on an
optical comparator at a 20 times enlargement, The shapes of the seals were

traced from the comparator at the same magnification,

-Of particular interest are the findings obtained in the study of the
seal as installed in the gland, Figure 7 shows the V-seal laid out in the assembled
condition in the gland cavity, This layout was obtained by projecting a section of
the seal on an optical comparator; a tracing was then made of the seal's shape,
To accomplish this, the seal was confined in a slotted plate (Figure 8), which
simulated the gland cavity,

As shown in Figure 7, the clearance between the inner seal leg and
backup ring is insufficient to permit adequate seal deflection, A mismatch
between the center line of the seal and the center line of the backup ring and
load ring also exists, The amount of offset between the center lines is approx-
imately 0, 005 - 0, 006 inch (0,127 - 0,152 mm) radially, Under these conditions,
the load ring makes its initial contact with the outer leg of the seal, while a
clearance of approximately 0, 007 inch (0,178 mm) exists between the inner leg
of the seal and the load ring, With this condition, initial loading occurs on the
outer leg; contact of the load ring is made on the inner leg only after the outer
leg has deflected against the gland, However, as this latter condition is reached,
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V- SEAL SECTION /

Figure 8, Simulated Gland Cavity
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deflection of the inner leg would be limited because of the symmetrical design
of the load ring, Consequently, in order to obtain further deflection of the
inner leg, the axial load must be increased substantially, which results in
over-stressing the outer leg, This latter condition was believed to be one of
the causes of seal breakage expérienced in the endurance test conducted in ref-
erence 1, Figure 9 shows that even under the best assembly conditions where
perfect alignment of the seal components is achieved, deflection of the seal legs
-are limited due to insufficient clearance between the seal and backup ring,

2. Analysis of Operating Stresses of 45° V-Seal

Analysis of the V-seal was made to determine the operating stresses
experienced by the seal during the endurance testing reported in reference 1,
The primary stress producing conditions were the mechanical seal load, which
was approximately 200 pounds (889, 6 N); operating temperature of 500°F (260°C);
and 100 psi (6,9 x 10° N/mz) fluid pressure,

0.0 .

_ loopsl — - | <— 200 |b.(889N)
(_6.9)(!051\]/,"11.)

‘c D’
- S — .

As shown by the install?d“czn_f_iéﬁfibﬁ, the axial seal load of 200
pounds generated by the spring washers is split between the outer and inner legs
of the "V"", This load produces a radial seal force (PR) on the inner and outer
legs of the "V" which is assumed to be evenly distributed over the three seals,
Therefore: for the inner leg, the radial load (PR) is:

p. = P __ _ 100

R _ 27frx3 2M=x0.52lx3 10, 6 pounds/inch of circum-

ference (1.86 x 10 3 N/m of
circumference)
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The radial load on the outer leg is:

- 100 - . .
Pr = 3750 5 w3 0. 5x3 = 7.1 pounds/inch of circumference

(1243 N/m of circumference)

For purpose of this study, the V-seal was treated as a conical shell
having the following characteristics:

0.032 in, (0,082 cm)
= 0,521 in, (1.32 cm)
10.6 lb/in. - inner leg (1856 N/M)

Ve

< =
i}

g
7]

I ]

i
e
il

7.1.1b/in. - outer leg (1243 N/m)

0. 45 (Poisson's ratio)

! 450,000 psi @ R, T,
| (3.1 x 109 N/m2)

NS E = 250,000 psi @ 500°F
2 (1,725 x 109 N/m2)
t

VO

¢ = 45
v

E

]

e sty = 6,000 psi @ 500°F
<~ ‘ (4.136 x 107 N/m2 @ 260°C)
. = approx 12,000 psi @ 500°F
y (8.264 x 107 N/m2 @ 260°C)

Based on the geometry of the seal, the principal stresses consist
primarily of hoop stresses, These are determined by the basic equation (ref, 2),

-2V
S, = =% 9 MR VEing (atend) @)
where:

8, = Hoop membrane stress psi (N/mz)
v, = Radial load on seal (lb/in, (N/m) circumference)
t = Thickness of leg - in, (m)
y - [sa=?)

- - 2.2

Rt
2

R =

Mean radius - in, (m)
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Rearranging terms, Equation (1) becomes

4
-2V, 3(1-V2) x VR x VEin ¢

S, = @)
(372 -

Substituting the boundary conditions of the seal in Equation (2) the
hoop membrane stress (SZ) on the inner leg is:

4

¢ - -2(10.6) V3@ - (0.45)° x VO BZL x V0707
2 o, 032)3/2

g = ~2L.2x1,242x0,723 x 0,842
2 0, 00573

S, = -2790 psi (inner leg) (-1, 925 x 107 N/m?2)

The hoop. membrane stress on the outer leg is:

~ =2(7,1)x1,242 x 0,867 x 0, 842
2 0, 00573

S

S

g = ~2245 psi (outer leg) (-1, 55 x 107 N/m?2)

Radial deflection (R, D, ) of the inner and outer legs of the "V' under
the above conditions was determined by Equation (3),

v
R.D, = 03 X Vsin ¢ 3)
2D A
where:
Et3 4 31 - V2
121 -v") Rt

Solving for D and A and substituting in Equation (3), radial deflections are
0.0036~in, (0.0000914 m) and 0.0041-in. (0.000104 m) for the inner and outer legs,
respectively, at room temperature. At the 500°F condition, the deflections are
approximately 1, 8 times greater because of the lower modulus» of elasticity of

the polyimide,

18



Superimposed on the hoop stresses are the stresses generated due to
thermal expansion, These stresses were determined by assuming no external
constraints on the seal legs, Thus, the dimensions the seal would assume under
thermal expansion can be calculated,” The thermal stresses are then determined
by calculating the stresses required to force the seal legs back to their original

dimensions,

Using a coefficient of thermal expansion of 27,5 x 1078 in, /in, T
(ref, 3) for the polyimide material, expansion of the inner diameter of the seal
at 500°F (260°C) is:

27.5x10 % x ATxL=27.5x10"°

x 423 x1 =0, 0117 in, (0.000297 m)
Expansion on the outer diameter is:

27,56 x 10-'6 x 423 x1,5=0,017 in, (0.000432 m)

Equi\;alent radial loads (Vo) induced by the thermal expansion can be
determined by substituting the above values in Equation (3) and solving for Vo'
Thus, the equivalent radial load (VO) for the inner leg is:

v = 2x(0,76) .65)° x0,0058

o 0, 842 = 9, 4 pounds/inch

(1646 N/m)

For the outer leg:

_ 2% (0,76) x (8.1)° x 0, 0085

Vo © 0, 542

= 8,15 pounds/inch
(1427 N/m)

Substituting the above values in Equation (1), the additional stresses (Sé) gen-

erated are: o,
Sz' = 2480 psi (1.710 x 107 N/mz) on the inner leg and
S; = 2575 psi (L.775 x 107 N/m?) for the outer leg

19



In addition to these stresses, a stress generated by the 100 psi (6, 9 x 105 N/mz)
fluid pressure is also present, Equivalent hoop stresses generated by the 100 psi
(6.895 x 10° N/mz)‘ pressure are determined as follows:

Sé’ =-Pt£ X coS ¢

- 100x 0,526 x 0, 866

” —
Sq 0, 032 (4)
" . 6 2 .
Sy = 1420 psi (9,76 x 10 N/m”) for the inner leg,
and
Sz’ = 2030 psi (1.4 x 10 N/mz) for the outer leg,
Based on the foregoing analysis, the combined operating stresses
for the inner leg =8, %+ S2' + Sé"

2790 + 2480 + 1420 = 6690 psi (4,62 x 10° N/m>)

and for the outer leg = 2245 + 2575 + 2030 = 6850 psi (4, 72 x 107 N/m2)

Although the above stresses are primarily in compression, they are
considered quite high as compared to an ultimate compressive stress of approx-
imately 12,000 psi (8, 264 x 107 N/mz) at 500°F (260°C) for the polyimide
material, Ultimate tensile strength of the polyimide is approximately 6000 psi
(4,132 x 10" N/m?) at 500°F (260°C), From this analysis it is believed that the
main cause of seal failure in the endurance test conducted under Contract
NAS3-7264 was due to the seals being overstressed, The analysis also shows
that thermal stresses represent approximately 30% of the total stress, Because
of the inhereﬁt characteristic of the material, reduction of the thermal stresses
is difficult, The stress resulting from the working pressure is also a fixed
parameter, However, it is believed that stresses induced by mechanical loading

can be minimized through design,

The foregoing analysis is rather conservative as it assumes that the
seal load exerted by the load ring is applied equally to the I, D, and O,D, surfaces
of the seals and that the load is evenly distributed over the three sealing elements,

20



However, the analysis does illustrate.the consequences of unequal loading, which
is a more realistic condition as revealed by the geometry study, It should also
be pointed out that the method of analysis was based on equations derived from
classical formulas used in the stress analysis of materials whose behavior more
closely follows Hooke's Law of stress-strain relationships, Consequently, the
results obtained are considered approximations of actual conditions,

3. Thermal Effects on Polyimide

The dimensional stability and physical behavior of the polyimide at
elevated temperatures were evaluated by subjecting the material to thermal
cycling and high~temperature aging under confined and unconfined conditions,
Accordingly, V-seals were fabricated and tested under the following conditions:

a, Confined in gland, spring loaded, and pressurized with silicone
fluid,

b, Confined in gland, spring loaded, and in contact with air,
c, Unconfined, in contact with silicone fluid,
d, Unconfined, in contact with air,

As shown in Figure 10, the test assembly for the confined aging test
consists of three V-seals, which were loaded with an approximately 200 pound
(889 N) spring washer, This configuration, vs;hich is representative of the actual
seal installation, enables the seals to be subjected to mechanical and thermal
stresses, The test assembly for the unconfined aging test is shown in Figure 11,
The seals in this configuration were permitted to expand and contract without
restraints on their geometric shape,

The aging tests were run concurrently at 500°F (260°C) fluid/air
temperature for 160 hours continudusly, and the specimens were then allowed to
cool to room temperature for inspection, This procedure was repeated until
failure of the seals occurred or until completion of 1000 cumulaﬁve hours of
soaking,

The initial test (Run No, 1) was terminated after 500 hours due to a

malfunction in the oven heat controller, which caused the oven to overheat,

21
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resulting in the disintegration of the test specimens, At the time of shut-down,
the temperature in the oven had risen from 500°F (normal operating) to 1300°F
(705°C),

Although ‘the specimens were destroyed in the test, significant data
were obtained, which covered 416 hours of aging at 500°F (260°C). Table 1 shows
the dimensional changes that occurred on the seal specimens during this period
of aging. Figure 12 shows the dimensional changes on the inner and outer
diameters of typical specimens for each test condiﬁon. These results show
that the specimens experienced their greatest shrinkage after the first thermal
cycle, Shrinkage was gradual after subsequent thermal cycling, As the polyi-
mide material was annealed for two hours at 525°F, to relieve molding stresses
prior to machining, the amount of shrinkage was greater than anticipated,

As shown in Figure 12, the confined and unconfined specimens which
were in contact with F-50 fluid showed_ less decrease in their respective I, D,

and O,D, dimensions as compared to those specimens in contact with air,

Due to the premature termihation of the test, a rerun of the test
was made, The oven equipment was repaired and a backup heat regulator
installed in the temperature control circuit to provide fail-safe operation, This
run successfully completed the 1000-hour test,

Based on visual inspection, the seals all appeared to be in good con-
dition and showed no evidence of degradation, Loss of weight was experienced
by the specimens during the aging. The greatest weight loss (Table 2) was
experienced by those specimens exposed to an air atmosphere, These specimens
showed weight loss of 0, 86-0, 96% and 1, 04-1, 17% for the unconfined and con-
fined conditions, respectively, Weight losses exhibited by the specimens in
contact with oil were 0, 65-0, 76% and 0, 63-0, 68%, for the unconfined and con-

fined specimens,
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Seal measurements taken duriﬁg inspection (Figure 13) show that
dimensional shrinkage of the seals seems to follow the trend noted in the first
run, The greatest amount of shrinkage occurred after the first thermal cycle
and appears to be independent of time, as it was found that shrinkage for an
initial heating period of 4 hours was approximately the same as that obtained
for an initial heating period lasting 48 hours, As experienced in the first run,
shrinkage after subsequent thermal cycling was gradual,

Variations in the inner and outer diameters of the seals (Table 2)
after testing indicate that the unconfined specimens showed the least shrinkage,
In the confined test condition, the specimens in contact with oil exhibited slightly
greater shrinkage than those exposed to air, A possible explanation for the
greater shrinkage is that these specimens were subjected to an additional unit
load due to the pressure (100 psi) of the ﬂuid‘ in the test unit,

The greater dimensional shrinkage experienced by the confined
specimens is believed to be due to plastic deformation of the material caused
by thermal stresses and stresses resulting from the springload on the seal,
As shown below, differential expansion between the seal and gland housing
causes a substantial compressive stress on the seal resulting in permanent
deformation of the seal,

Stresses developed on the O, D, of the seal due to the differential
thermal expansion at 500°F (260°C) are as follows:

AL (polyimide) = 27.5 x 107 x 427 x 1,504 = 0, 0176 in, (0, 0447 cm)

AL (gland)

7 x 1076 x 427 x 1,500 = 0, 0045 in, (0, 0114 cm)

Therefdre: seal O, D, at 500°F becomes 1,504 + 0, 0176 =1, 5216 in, 3. 865. cm)
and gland I, D, at 500°F becomes 1,500 + 0, 0045 =1, 5045 in, (3,820 cm),
The seal-to-gland interference is: 1, 5216 -1,5045 =0, 0171 in, (0, 0434 cm),

therefore: AL

Strain = = 9,017

L 1,522

= 0,01120r 1.1%
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The 1, 1% strain represents a stress level of approximately 3000 psi (2.068 x 10l7 N/mz)
'(Reference 3) at 500°F (260°C), which could be high enough to induce permanent defor-
‘mation of the material. Based on this analysis, a similar condition exists on the I.D.
of the seal. o |

The foregoing results indicate that the polyimide material is capable
of withstanding at least 1000 hours at 500°F (260°C), Although dimensional
shrinkage due to plastic flow appears to be an inherent characteristic of the
matérial, it is believed that the shrinkage can be minimized to some extent by
decreasing the seal load, The weight loss exhibited by the specimens was
negligible and could be attributable to the _evaporation of the moisture content
of the niaterial. V

4, Fabrication Methods

The selection of fabrication techniques is based on the geometry of
the part and the need for maximum utilization of the material's properties,
Three possible methods of fabi‘icating polyimide seals are 1) stamping from
‘rolled sheets, 2) machining from billets, and 3) direct forming (molding), There
are, however, certain limitations to each of these basic techniques,

For example, the rolled sheets exhibit higher tensile and elongation
properties (Table 3) but the sheets are limited in thickness to-approximately
0, 070 inch (0.15 cm), which restricts their application to a limited number of
seal shapes, |

TABLE 3. ROOM TEMPERATURE PROPERTIES OF POLYIMIDE

i L4
_ . Specific - ;
Type Tensile Strength ]?llazri,%f;%n Gravity ;
~ b (em/cc)
Rolled Sheet 17, 000 psi 9 12 - 1.43
(11.7 x 107 N/m*®)
Machined Parts 12, 000 psi_ o 8 : 11,43
(Billets) | (8.27 x 107 N/m®)
Direct~-Formed 10, 000 psi 6.5 1.43
Parts (7.24 x 107 N/m2)
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The direct formed (molded) parts have a lower specific gravity and
accompanying lower strength and elongation (Table 3), For complex shapes,
such as the V-seal, densities lower than those shown in Table 3 could result,
particularly at the transition section of the '"V"', Because of the close tolerances
usually required for seals, final machining of the formed part would be necessary,
In general, direct forming probably provides the most efficient use of the polyi-
mide material and for large quantities, direct forming of parts could result in
the lowest cost, However, it is felt that at the present time, the techniques for
the direct forming of parts such as the V-seal would require further development,

Machining of seals from molded polyimide billets éppears to be the
most attractive method at the present time, To obtain the best balance of prop-
erties, the part to be machined should be oriented so that the higher tensile
properties of the polyimide (perpendicular to the direction of molding) are
utilized, - In machining, a good surface finish on the part is essential to mini-
mizing stress concentrations, as the polyimide is quite notch sensitive,

As part of the study on fabrication methods for polyimide seals, a
‘modified annealing process was investigated, This method consists of initially
machining a piece of polyimide material into a hollow cylindrical shape, 2 inches
long by 1.6 inches O.D. by 0.95 inch I.D. (5.08 cm x 4.06 cm x 2,41 cm), and
annealing it for two hours at 600°F (316°C). Following this annealing period, "V"
shaped specimens were rough machined from the material and annealed for an
additional hour at 600°F (316°C), prior to final machining,

A short-term aging test at 500°F (260°C), was conducted with the
finished specimens to determine if the double annealing cycle produced any
improvements in dimensional stability, A dimensional check of the seals after -
200 hours of aging shoWed a considerable reduction in shrinkage on the seal O, D,
These results (Table 4) are compared with those obtained on seals aged for the

- same length of time during Run No, 2. Although the data were obtained over a
short aging period, it is believed that the double annealing cycle could improve
the dimensional stability of the polyimide seals, As indicated in previous aging
tests, the bulk of the shrinkage usually occurs during the first few hours at
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temperature. Therefore, it is believed that the shrinkage exhibited by the double
annealed specimens after 200 hours of aging represents the bulk of the _change.

TABLE 4, V-SEAL AGING TEST =~ 200 HOURS AT 500°F (260°C)

Seal 0, D. Change - % I.D. Cha.née -%
No. Test Condition Bun No. 2 | Run No. 3 Run No, 2 Run No. 3
3 Confined in gland; 0.8 - 0.27 0.5 0.3
6 200 Ib spring load, - 0,83 0,47 0.5 0.5
7 F-50 silicone fluid Of 8 0.47 0.3 0.4
Note:

Run No. 2 - Material annealed 2 hours at 600°F (316°C) prior to
machining

Run No. 3 - Material annealed 2 hours at 600°F (316°C), rough machined,
and annealed 1 hour at 600°F (316°C) before final machining
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C. DESIGN STUDY

The foregoing analyses and investigations indicate that the following

modifications to the original V-seal were required:

Redesign the seal to operate at a lower stress level

Redesign the loading device to permit asymmetrical loading
of the seal

Redesign the backup ring to ensure"adequate clearance between
it and the seal

More accurate machining of the seal to ensure dimensional
compatibility with its mating members

Revise annealing schedule to improve dimensional stability
of the polyimide.

Redesign of Original V-Seal

From a stress standpoint, redesign of the 45° V-seal was based

on the following critical conditions which the seal undergoes in its operating

environment.

a)

b)

The O. D. surface of the seal (Figure 14) expands and contracts

at a greater rate than the gland housing during heating and cooling.
High thermal stresses induced during expansion cause plastic
deformation of the material resulting in shrinkage of the O. D.
surface. During cooling, the O. D. surface of the seal tends to -
contract away from the gland, resulting in loss of seal contact.
This condition becomes progressively worse during the life of the

seal because of shrinkage.

-The same differential expansion and contraction is experienced

on the I. D. surface of the seal but with opposite effects. On
heating (see Figure 15), the I. D. surface tends to expand away
from the piston rod, resulting in loss of sealing contact between
the two surfaces. During cooling, the I.D. surface tends to con-
tract against the piston rod. This condition induces high thermal

stresses in the material causing plastic deformation, which results

-in a reduction of the inner diameter.
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Figure 14, Differential Expansion between V~Seal O. D. and Seal Cavity
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Figure 15, Differential Expansion between V~-8eal and Piston Rod
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From the above, it is evident that for condition a), a seal load of
sufficient magnitude is required to prevent the O. D. surface of the seal from
losing contact with the gland bore during cooling. For condition b), a seal
load is required to restrain the seal from expanding away from the piston rod
in order to maintain an effective seal at this interface. Based on the thermal
aging test (Table 2), a seal O. D. deflection of approximately 0. 010 inch
(0. 0254 cm) is necessary to compensate for shrinkage. A deflection of approx-
imately 0. 009 inch (0.0228 cm) of the seal I D, is required to offset the dif-
ferential expansion between the seal and piston rod at 500°F (260°C).

The seal loads required to meet the foregoing conditions repre-
sent the principal stresses imposed on the seal.

A model of the V-seal is depicted below; a seal leg angle of 30°
was selected, as this provides longer legs for greater flexibility. Data rele-
vant to the design of the seal are listed below:
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Seal material - polyimide

Tensile yield strength at 600°F - 6000 psi

Modulus of elasticity at 500°F - 250, 000 psi

Modulus of elasticity at room temperature - 450, 000 psi

Seal leg angle - 30°

Required seal O. D. deflection ~ 0. 010~in.

Required seal 1. D. deflection - 0. 009-in.

Allowable hoop stress - 2000 psi

Poisson's ratio (v) - 0.45

Coefficient of thermal expansion (&) - 27.5 x 10~6 in. /in. /°F

As a first step in redesigning the V-seal to meet the above
requirement, the cross-sectional dimension of the seal was determined.
Rearranging eq. (2) and substituting appropriate values for each term, the
cross-sectional thickness of the seal was obtained in terms of seal load (V).

For the I.D. :

4 2/3
-2V0 AA’;(l—vz)xA/Rx A/Sin¢
t =
Sy
2/
-2V, x 1.242 x 0.72 x 0. 932
t = 3600
2/3
t = (0.000834 V)
and, for the O.D.:
- 2/3
~2V_ x 1.242 x 0.86 x 0. 932
t= 5000
2/3
t =

( 0. 000995 VO)

Figure 16 depicts seal cross-sectional thickness as a function of
seal load (V) at a stress level of 2000 psi (1.38 x 107 N/mz). From this plot,
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a nominal seal thickness of 0. 032 inch (0. 0812 cm) was selected, as this
would facilitate manufacturing. Corresponding to this thickness, the seal load
1\ o) is 7 and 6 pounds per inch (1226 and 1051 N/m) of circumference
for the inner and outer legs, respectively. Substituting these values.in eq. (3)
yields the following deflections required for the I. D. and O. D. of the seal at

the critical conditions previously stated.

Therefore, the radial deflection (R. D. ) of seal 1. D. at 500°F (260°C)
becomes : ‘

.-Vo

R.D. = T X Jsin @ 3)
2D\

R.D. = - 0,0048 inch (0. 0122 cm)

and the radial deflection of seal O. D. at room temperature becomes:

_ -6
R.D. = 575 w414 x 0.932
R.D. = - 0.005 inch (0. 0127 em)

These values satisfy the required deflection characteristics of the
seal at both temperature extremes within the allowable working stress of the
polyimide. The axial spring load required to produce the necessary circum-
ferential seal load to provide the required deflections at the I. D. and O. D. of

the seal was determined as follows:

F;

~LoAR RG_




The axial load is found by

F

A= FN (sino + { cos @)

where:

P

FN B (coso- M sina)

The circumferential load (P) is found by:

P=FRx21Tr

The circumferential load (P) for the I. D. surface of the seal is:

P=7x2x%x 0,516 =22,6 pounds (101N) per seal

For the O.D. surface of the seal:

P=6x2mx 0.734 = 27.6 pounds (123N) per seal

Substituting these values for (P) in eq. () yields:

_ 22.6
N _ (0.866 - (0.15 x 0. 500))

|
]

!
i

Thus, from eq. (5) the axial load is:

r=
I

A
F A" 18 pouhds (80. 1N) for 1. D. surface
F A " 22 pounds (97.9N) for O. D. surface

28.6 pounds (127N) for I. D. surface

35 pounds (156N) for O. D. surface

28.6 (0.500 + (0.15 x 0.866) )

(6)

©)

()

Since there are three seals per assembly, the axial load is multi-
plied by three and becomes 54 pounds (240N) and 66 pounds (294N) for the I. D.

and O. D. surfaces, respectively.

Based on the foregoing analysis, it can be seen that the loads
required to deflect the I.D. and O. D. of the seal vary considerably.
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Consequently, the one-piece load ring used in the 45> V~-seal configuration was
redesigned to provide a dual load path so that independent loading of the sealing
surfaces can be achieved. The backup ring was also redesigned to provide suf-
ficient clearance between it and the seal to ensure full deflection of the seal.
Figure 17 depicts the complete seal assembly, which was designated Design
B-1, As shown in the assembly, the modified load ring permits asymmetrical
loading of the seal. Upon initial application of the axial load, the inner load
ring makes contact with the inner seal leg; as the inner load ring is spring-
loaded, it moves inward while maintaining a predetermined load on the seal,
thus permitting the outer loading surface to make contact with the outer seal leg.

An alternate seal design, identified as Design HB-1, was developed
which also offers improvements over the original 45° V-seal design. As shown
in Figure 18, the seal is configured with linearly tapered legs, which minimize
the bending stresses at the transition area of the leg. Because of the reduced
thickness at the sealing portion of the leg, a leg deflection (radially) of 0. 0025
inch (0.00635 cm) at a seal load of 4.5 pounds per inch (788 N/m) of seal circum-
ference was obtained. At these conditions, a maximum bending stress (at max-
imum seal deflection) of approximately 1500 psi (1.034 x 107 N/m2) is gener-
ated, which occurs between the fixed end and the sealing end of the leg. This
stress level is well within the strength limits of the polyimide material. The
lower seal loading also reduces the contact stresses and sliding friction at the
seal interface.

Analysis of this seal configuration was based on the same method
used in analyzing the 30° V-seal, except that values for ™" (cross-sectional
thickness) were based on the average thickness of the seal leg.

2. Additional Seal Designs

Five additional seal designs were evolved that offered potential
improvements over the original 45° V-seal. In these designs, attempts were
made to establish a good balance in operating stresses, wear compensation,

and friction.
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The "U" shaped seal (Design C-1), shown in Figure 19, is similar
in design to the 30° V-seal except that the lower angle (14°) results in longer
seal legs, which tends to increase the flexibility of the seal. The seal is
designed to provide a deflection of 0.0028 inch (0.0071 cm) with a load of
7 pounds per inch (1226 N/m). This configuration also utilizes the dual ar-
rangement for more efficient seal loading.

Figure 20 depicts a wedge loaded lip seal (Design D), wherein the
sealing zone of the lip is confined in a tapered seat by axial forces generated
by spring washers., The spring load assures contact between the seal and
piston rod. As wear occurs, the springs urge the sealing lip further into the
tapered seat to maintain contact with the rod surface. This seal is designed for
a maximum wear compensation of 0,015 inch (0,038 cm). However, this was
achieved at a fairly high stress level of 4000 psi (2.76 x 107 N/m2),

Figure 21 depicts a polyimide lip seal (Design E) which is rein-
forced with a high strength steel (H-11 type) outer lip. The reinforcing lip
also acts as a hoop spring to provide the initial seal contact load and also
sérves as a wear compensating device. The spring is designed to provide a
uniform circumferential load of 3 pounds (13. 34 N), which is capable of pro-
ducing a seal deflection of 0, 006 inch (0. 0152cm). As shown in Figure 21,
the seal is also pressure loaded, which augments the spring load.

Shown in Figure 22 is Design F, which is another modification of
the original V-seal design. The "V" is configured to an included angle of
approximately 135°. The wide angle results in a uniform seal section and pro-
vides a smooth transition from one surface to another to minimize stress con~

centrations and bending moment.

The conical lip seal (Design G) shown in Figure 23, is designed
to utilize the slightly higher tensile properties of the polyimide sheet material.
Sealing is accomplished by an initial interference fit over the piston rod.
Using the polyimide sheet material, a high enough preload (interference)
could be generéted to provide seal contact throughout the entire operating tem-
perature range. Testing ofa similar design during the previous contract work

(ref. 1) produced promising results at low and high pressures.
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D. PRELIMINARY EVALUATION OF CANDIDATE
SEAL CONFIGURATIONS

1. Genefa.l

Preliminary tests wére conducted on the candidate seals to
validate the basic assumptions used in the design of the seals. As the objec-
tive of the design phase was to improve the loading characteristics of the
seals so that maximum seal deflection could be obtained while subjecting the
seal to the lowest stress level possible, seal deflection, leakage, and friction
were the criteria used in evaluating the new designs. The original V-seal
design was included in the testing to obtain baseline data for evaluéting the new
designs.

2. Test Procedures and Apparatus

The test apparatus for the load-deflection tests (Figure 24) con-
sist of a seal gland, loading cylinder, direct reading force gage, and a dial
indicator for measuring seal deflection. The tests were run with axial seal
loads up to 200 pounds (889N), as this was the loading used in the endurance
test configuration.

Seal friction, wear compensation, and leakage were determined
using the test apparatus shown in Figure 25. This test setup consists of a
double-ended cylinder which houses the test seal and piston rod; one end of
the cylinder is sealed off with teflon sealing rings to minimié,e frictional
changes due to pressure variations. The piston rod was machined such that
the diameter of the rod varied from 0.998 to 0.9885 inch (2.53 to 2.51 cm).
The decreasing diameters were made in steps, and were intended to simu-
late wear and subsequent loss of sealing contact between the shaft and seal.
The ability of the seal to respond (deflect) to these changes provided an
indication of the seal's capacity to compensate for wear.

The test procedure is as follows, Initially, the seal is positioned
over the portion of the rod that has the normal design dimensions, and the
applicable seal load is applied. With the test cylinder pressurized to 100 psi
(6. 9x109 N/mz), the rod is shifted so that the seal is in contact with the
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reduced diameter portion. Both leakage and friction are checked; if no
leakage is observed, the rod is shifted so that the seal is in contact with the
next smaller diameter. This procedure is continued until leakage occurs.

At this point, testing is discontinued and the data evaluated to determine if the
point of leakage matches the design deflection of the seal. In most cases, the
point of leakage for a specific seal was predictable based on the measured lip
deflection of that seal.

3. ILoad Deflection Tests

The data obtained from the load-deflection tests are shown in
Figures 26 through 34 . These data are presented in terms of seal radial
deflections versus seal radial load and are compared to the calculated values
for each seal. A summary of the theoretical and actual design characteristics
of the seals is given in Table 5.

Figure 26 shows the load-deflection values for a single 45° V-seal
(Design A) in its original configuration. For comparison, the seal was also
evaluated using the modified backup ring and dual load ring. As shown in
Figure 26, the load-deflection curve with the original backup and load ring
configuration flattened out rapidly, as expected. Some improvements were
obtained using the modified backup ring, which provided slightly greater seal
deflections. Substantial increases in seal deflections were obtained using the
dual load ring and original backup. Further increases in seal deflections were
obtained when the modified backup was used inconjunction with the modified
load ring. The deflections obtained with this configuration were slightly higher
than the calculated deflection curve up to the design point. The test data indi-
cates that adequate seal deflections can be achieved with moderate loading by

improving the efficiency of the loading system.

Subsequent load~deflection tests were run with the original 45°
V-seal with three seals stacked in series, as this was the actual design arrange-
ment. For comparison purposes, deflection tests using the original one-piece
load ring and the modified load ring {vere made. The data shown in Figures 27

and 28 demonstrate the greater seal deflections obtainable with the modified
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RADIAL DEFL. SEAL LD~ IN. (16 °m)

Figure 27. Seal Radial Deflection vs Seal Radial Load - 45° V-Seal
(Design A with Original Load Ring and Backup Ring)
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Figure 28. Seal Radial Deflection vs Seal Radial Load - 45° V-Seal

(Design A with Dual Load Ring)
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load ring. However, deflection of the sealing legs was not uniform for the
three seals in the assembly. The greatest amount of deflection was exhibited
by the first seal, Which was in contact with the load ring. The deflections
obtained on the middle seal were slightly less than the values exhibited by the
first seal. The third seal, located at the end of the stack, showed very little
deflection. This con_dition is believed to have been caused by friction between
the seals, Deflection values obtained on the original seal configuration éhowed
a rapid leveling off despite increasing load, which seemed to indicate a bot~

toming condition.

Seal deflections obtained with the 30° V-seal (Design B~1), which
is one of the improved configurations, showed good correlation with the theo-
retical deflection values. As shown in Figures 29 and 30, Variations in deflec-
tions for the I D. and O. D. of all three seals at any given load condition are -
small. '

For the tapered leg V-seal (Design HB-1) deflection of the 1. D.
surface and O. D. surfaces of the seal also correlate well with the ecalculated
values. For the I. D. surface (Figure 31), the actual deflections are slightly
higher than the calculated values up to the design load of 4. 5 pounds (20, ON).
Deflection of the O. D. surface (Figure 32) was slightly lower than the theo-
retical value at the design load; however, the actual deflections meet the design
requirements .

Load-deflection characteristics of the U~seal (Design C-1) are
depicted in Figure 33. The No. 1 seal shows good adherence to the theoretical
curve. However, seals No. 2 and 3 exhibited a considerable drop-off from
the design curve. This could be attributable to high friction between ‘the seals
as the low angle of the legs may have produced a wedging effect between theseals.

Load-deflection values (Figure 34) obtained on the wedge loaded lip
seal (Design D) were considerably lower than the calculated values. High fric-
tion between the seal lip and méta.l wedge is believed to have been the cause for
the variations. |

54



<5

RADIAL DEFLECTION SEAL I.D-IN. (167m )

Figure 29. Seal I. D. Radial Deflection vs Radial Load ~
30° V-Seal (Design B-1)
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Figure 31. Seal I. D. Radial Deflection vs Seal Radial Load -
Tapered Leg V-Seal (Design HB-1)
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Figure 32, Seal O.D. Radial Deflection vs Seal Radial Load -
Tapered Leg V-Seal (Design HB-1)




RADIAL DEFLECTION-SEAL 1.D - 1IN, 10™"rm)

Figure 33. Seal Radial Deflection vs Seal Radial Load -
) U-Seal (Design C-1)
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Figure 34. Seal Radial Deflection vs Seal Radial Load -
" ~ Wedge Seal (Design D)




4, Seal Friction, Wear Compensation, and Leakage Tests

Table 5 shows the correlation between the wear compensating ability
of the seal and the measured deflection of the same seal, The original V-seal
(45°) design leaked at less than 0, 006 inch (0, 01524 cm) wear, which was expected,
as the average deflection of the seal was 0,002 inch (0, 0051 cm), By substituting
the modified load ring in place of the standard (one-piece) load ring, the same
seal was able to accommodate 0,006 inch (0, 01524 cm) wear withvno leakage,
This compared well with fhe measured deflection of the seal using the modified
loadring, whichwas approximately 0. 005 inch (0, 0127 cm). The 30°V-sealwiththe
standard load ring also exhibited leakage at 0, 006 inch (0. 1524 cm) wear., However,
by replacing the standard load ring with the modified load ring configuration,
this seal (Design B~1) was able to tolerate wear of 0. 006 inch (0. 01524 cm)
without leaking. The tapered leg V-seal (Design HB-1) was also able to accom~
modate wear of 0. 006 inch (0; 01524 cm). Design C-1 (U-seal) also showed good
response to wear.

The wedge loaded lip seal (Design D) showed the best wear com-
pensa’_cing ability. This configuration was able to maintain a seal at approxi-
mately 0. 013 inch (0. 033 cm) of wear.. However, it should be noted that this
was accomplished at a much higher loading. The Design E lip seal, which is
loaded with a metallic hoop spring, was able to compensate for wear up to
0. 006 inch (0, 01524 cm), This configuration also exhibited the lowest friction,

No leakage was encountered with the wide angle V-seal (Design F) at a simu-~
lated wear of 0. 013 inch (0. 033 cm). The conical lip seal (Design G) also
“exhibited no le?.kage when subjected to a simulated wear of 0. 013 inch (O. 033 crh). _

-

The seal configurations exhibiting the lowest sliding friction values -
are Designs E, F, HB-1, A-1, and B-1. Seals constructed with low seal angles
generally showed higher frictional values.
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5. Selection of Candidate Seals

Based on the bench test results and design analyses, the following
seals were selected for the high temperature cycling test. \

V-seal - 30°, with modified load ring (Design B-1).
2. Lip seal No. 2, with slotted hoop spring (Design E).

3. Tapered leg V-seal, modification of 30° V-seal (Design
B-1) to include variable thickness seal legs (Design HB-1).

The above designs were selected on the basis of their good balance
among the fo.llowiﬁg characterisﬁcs: 1) deﬂection,v 2) wear compensating
ability, 3) friction, and 4) minimum operating stresses. These configurations
were evaluated in conjunction with the original V-seal design (Design A) in the

endurance test. Detailed drawings of the test seals are shown in Appendix C,
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TABLE 5. SUMMARY OF SEAL FRICTION, WEAR COMPENSATION, AND LEAKAGE

OF CANDIDATE SEAL CONFIGURATIONS

Actual Seai

. I.D. Radial
Diametral Wear Cal ifa]ieléiD. Eﬁ:&al Detl Defl at |
Compensation g1 i Design Load Sealing Stress Friction
Method of in. 107 m at in. psi 1b
Seal Configuration Loading (10~4m) in. at1lb/in. | 103 N/m (10~4m) , (105N/m?2) (N)
Design A 45° V-seal Belleville Leaked at < 0.006 0. 0036 at 0.914 at 0,0012 350 95
(orig design) springs <(1.52) 10.6 1.86 (0.305) (24.13) (423)
Std load ring
Design A-1  45° V-seal Belleville No leak at 0.006 0. 0036 at 0.914 at 0.0027 350 920
Modified load springs (1.52) 10.6 1,86 (0.686) (24.13) (400)
ring Dual loading
Design B 30° V-seal Belleville Leaked at < 0.006 0.0028 at | 0,711 at 0.0025 216 110
Std load ring springs <(1.52) 7.0 1,23 (0.735) (14.89) (488)
Design B-1  30° V-seal Belleville No leak at 0.006 0. 0028 at 0,711 at 0.0027 216 90
Modified load springs (1.52) 7.0 1.23 (0.686) (14.89) (400)
ring Dual loading
Design C-1 U-seal (14°) Belleville No leak at 0.006 0.0028 at [ 0,711 at 0.0024 210 160
Modified load springs (1.52) 7.0 1,23 (0.61) (14, 48) (712)
ring Dual loading
Design D Lip seal No. 1 | Wedge loaded | No leak at 0.013 0. 015 at 3.81 at 0.007 280 130
(3.30) 22.4 3.92 (1.78) (19.31) (578)
Design E Lip seal No., 2 | Hoop spring No leak at 0.006 0. 003 at 0,76 at 0.0027 130 29
(1.52) 3.0 0.525 (0.686) (8.96) (129)
Design F Flat seal Belleville No leak at 0.013 0. 006 at 1,52 at 0.007 265 64
Wide angle springs (3.30) 16 2.80 (1.78) (18.27) (285)
(133°)
Design G Conical seal Interference No leak at 0.013 0.008 at 2.03 at 0.008 500 120
fit (3.30) 15 2.63 (2.03) (34.48) (534)
Design HB~1 Tapered leg Belleville No leak at 0.006 0.0025 at | 0,635 at 0.0027 150 72
V-seal springs (1.52) 4,5 0.788 (0.686) (10.32) (320)
Modified load Dual loading
ring
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SECTION I1
HIGH TEMPERATURE CYCLING TEST

A. GENERAL

Testing of the candidate seals was conducted concurrently in two separate
test actuators, using chlorinated phenyl methyl silicone fluid. The actuators
were operated continuously at 500°F + 20°F, (260°C + 11°C) with shut-down over
the weekend. The seals were tested to failure or completion of 20 million short-
stroke cycles. The high frequency short-stroke cycling operation was selected
based on the judgement that bending fatigue was the principal cause of seal
failure during the previous program and the observation that the greatest wear
occurred during rapid short stroke operation. Seal failure as defined in Exhibit A
of Contract NAS 3-11170 (Appendix A), was that point when fluid leakage exceeded
1 drop per minute (approximately 3 cc/hr), The basic cycling rig used in Contract
NAS 3~7264 (Ref, 1) was modified for the testing,

B. TESTRIG

A schematic layout of the high temperature cycling rig is shown in Figure 35.
Figure 36 shows the rig as installed in the high temperature oven. The test rig is
basically the same as the one used in the work sponsored under NASA contract
NAS 3-7264. The rig consists of a hydraulic power supply package, the actuator
drive, and the seal test actuators.

The power supply consists of an electric motor-driven variable-delivery pump,
which is capable of supplying a flow of 10 gpm at pressures to 4000 psi (2,76x107 N/inz),
This hydraulic unit powers the servo controlled actuator which drives the seal test
actuators. The stroke length and cycling speed of the driving actuator are controlled
by a cam and variable speed electric motor, respectively. The stroke length is
regulated by positioning the servo valve drive link on the cam. The drive link also
serves as the feedback device to close the servo loop. Pressure taps are installed
in the actuator piston chambers to monitor cylinder pressure. By monitoring the
pressures in the actuating cylinder, an indication of seal friction can be obtained
throughout the testing., As the pressure in the driving actuator is a function of the
load being driven, a steady-state pressure value can be established during testing.
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Thereafter, any increase in seal friction or driving load would result in an increase
in pressure over the steady-state value, thus warning the operator of an impending

malfunction.

The test actuators are attached to a common crank arm. Each actuator con-
tains two different seal configurations. Pressurized fluid is supplied to the actuators
from an accumulator under a nitrogen charge. Pressure lines to the actuators are
routed separately; shut-off valves are installed on each line to permit shut-down of
the failed actuator. A floating piston is incorporated in the accumulator to provide
a barrier between the oil and nitrogen. The accumulator also serves as a fluid

make-up system to compensate for leakages.

Filling of the system is accomplished with a hand pump. Leakage drain lines
are provided on each end of the actuator to monitor seal leakage. System fluid
drain lines are also installed on each actuator to facilitate draining. Thermocouples

for monitoring fluid and seal temperatures are also provided.

C. TEST AND INSTRUMENTATION PLAN

The four seal configurations selected for the high temperature cycling test
were evaluated in two double-ended actuators. The actuators are designated as

actuator No. 2 and actuator No. 3, and were assembled with the following seals.

Actuator No. 2

A - end - 45° V-seal (Design A)
B - end - 30° V-seal (Design B-1)

Actuator No. 3

A - end - Lip seal No. 2 (Design E)
B - end - Tapered leg V-seal (Design HB-1)

Conditions governing the tests were as follows:

1 Fluid temperature 500 °F + 20°F (260°C + 11°C)

2 Fluid pressure 100-150 psig (6.9 - 10.4x105 N/mz)
3. Seal temperature 500°F (260°C)

4 Piston rod stroke (total) 0.2-in. + 0.020-in. (5 mm +0.5mm)



5. Cycling rate 300 cpm * 25 cpm
6. Test duration 20 million cycles

7. Failure point Leakage exceeding 1 drop per
minute (3 cc/hr)

During the high temperature cycling test, the following data were recorded.

Ambient temperature

Fluid-in temperature

Fluid temperature adjacent to seal
Seal temperature (approximate)
Fluid pressure

D o1 s W N -

Fluid leakage .

‘The locations of the above data pickup points are shown in Figure 37. In addition
to these data, the number of thermal cycles, mechanical cycles, and mechanical
cycling rates were recorded.

D. TEST RESULTS
1. General

Results of the high temperature cycling test are summarized in
_Table 6. Of the four seals tested, Design B-1 and Design HB-1, which are im-
proved versions of the original V-seal design, successfully completed the
20-million cycle test. Both seals were subjected to a total of 1172 hours of
operation of which 80% of the time was at 500°F (260°C). Leakage~ accumulated
at the end of the test was 27.5 cc and 25.5 cc for Design B-1 and HB-1, '
- respectively. The original V-seal design developed excessive leakage after
11.3 million cycles. Testing of the spring loaded lip seal (Design E) was
terminated after 3.3 million cycles when leakage exceeded 1 drop per minute.

Details of the performance of the seals during the testing follbws:

2. 30° V-Seal (Design B-1)

Initial seal leakage (Figure 38) was noticed after 2.8 million cycles
and appeared to ._have ceased after 4.4 million cycles, at which point a total of

6.5 cc was collected, There was 'essentially no increase in leakage from that
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point on until after 18 million cycles at which time a slight increase in
accumulated leakage was noticed. As shown in Figures 39 and 40, the seals
were in excellent condition except for a small circumferential crack on the
outside surface of the No. 3 (outboard) seal. As this seal was exposed to an
air atmosphere, it was suspected that the crack was due to high temperature
air aging effects.

A comparison of dimensions recorded before and after testing (Table 7)
shows that the O.D. surface of all three seals exhibited shrinkage of 0. 002 to
0, 004 inch (0, 0051-0, 0102 cm) from the original dimensions. As the O.D. is
a static surface, material wear was not considered in determining the final
dimensions. Actual seal wear on the I.D. surface was somewhat difficult to
determine because the inside diameter of the seal undergoes shrinkage due to
exposure to elevated temperatures. Therefore, if dimensional change is used
as a measure of wear, the dimension that the seal assumes after shrinkage must
be used as the reference dimension in determining the amount of wear. Using
an average of 0.4% shrinkage of the inside diameter from Table 2, seal wear

was determined as follows:
Seal Wear = Final Seal Dia - (Orig Dia - (0, 004 x Orig Dia))

Based on the above method of wear determination, wear on the three seals
ranged from 0, 0045 to 0, 007 inch (0, 011 to 0, 018 cm), The higher wear was
experienced by the No, 3 outboard seal, This condition could be expected as the

outboard seal received less lubrication,

3. Tapered Leg V-seal (Design HB~-1)

This seal accumulated a total of 25.5 cc of leakage during the test. Of this
total, 4.5 cc was collected during the initial 400,000 cycles of operation. As
shown in Figure 38, the tapered leg V-seal was the only seal that exhibited slight
leakage during initial cycling. This may be attributable to the fact that the seal
utilizes a very light (4,5 pound/inch) (788N/m) sealing load as compared to the other
seals. Consequently, the seal required a longer break-in period to establish full
contact with the rod. A gradual decrease in the rate of leakage accumulation after

the break-in period, was evidenced (Figure 38) and seems to support the foregoing
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30° V-Seal (Design B-1) Outboard Element after 21,353,066 Cycles

Figure 40.
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assumption. Following the break-in period, leakage was practically zero up to
the 18 million cycle mark before a slight increase in accumulated leakage was

noted.

The condition of the seals (Figure 41) was good, and there was no
evidence of cracking. Wear at the sealing surface, as indicated in Table 7, was
approximately 0.004 and 0.008 inch (0.010 and 0.020 cm) respectively, on the
No. 1 seal and No. 2 seal. The O.D. surfaces of both seals exhibited shrinkage
of approximately 0.005 inch (0.0127 cm) from the original dimensions.

4, 45° V-Seal, Original Design (Design A)

The 45° V-seal, which was the control specimen, developed excessive
leakage (180 cc/hr) after approximately 11.3 million cycles. As indicated in
Figure 38, the rise in leakage started at about the 9 million cycle mark and increased
rapidly. The leakage usually occurred during the cool-down portion of the thermal
cycle and reached its highest rate at approximately 300-320°F (149-160°C), From
this point, the leakage decreased as the temperature was further reduced, This
pattern indicated that leakage may have been caused by a combination of seal shrink-
age and differential thermal contraction between the seal cavity and seal 0,D,, re-
sulting in loss of contact between the two members. In pursuing this line of
reasoning, cycling of the failed seal was continued beyond the failure point to
obtain additional leakage data. The seal was finally removed from the test rig
after completing a total of 13.2 million cycles.

Based on the data obtained during this latter portion of the test, a
graphical presentation relating leakage, temperature, and differential contraction
between the seal O.D. and the seal cavity is shown in Figure 42. The leakage data
was obtained after approximately 11.3 and 12, 8 million cycles of operation. As
shown in this figure, leakage during the cooling period was highest at approximately
the temperature at which the seal O.D. started to contract away from Ehe seal
cavity. Since the loading device was limited in its capability to deflect the O.D.

of the seal to compensate for this condition, leakage occurred.
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Examination of the failed seals revealed incipient cracks (see
Figures 43 and 44) near the inside radius of the seals, Erosion of material
(Figure 43) from the dynamic sealing portion of the seal nearest to the load
ring was also noticed, Both of the foregoing conditions were exhibited by the
45° V-seals in prior testing (Reference 1), wherein failures occurred at a com-
parable number of cycles and in a similar manner, Excessive seal loading is

believed to have caused both conditions,

Of the seals tested, this configuration exhibited the greatest amount
of wear (0. 010 to 0. 014-in. ) (0.0254 to 0. 0355 cm) at the dynamic surface.
The higher seal loading employed by this design is believe to be the main
contributing factor to the higher wear. Shrinkage of the O.D. surfaces was
considerably higher than that experienced by the other "V'" type seals tested.
However, this may be partially due to the fact that the 45° V-seal was designed
with a 0.004-inch (0.010 cm) intefference fit at the O.D. surface on assembly.
The interference fit produces additional stresses on the material which are additive

to the thermal stresses and stresses resulting from the seal load.

5. ‘Spring Loaded Lip Seal (Design E)

Essentially zei'o leakage was exhibited by this seal during approxi-
mately 2. 75 million cycles of operation. Leakage developed at this point (Figure 38)
and increased rapidly during the final 0.65 million cycles of operation. It is
believed that the leakage experienced during the test occurred between the sealing
lip and the slotted spring. Although a tight fit existed between the seal :;md the
spring during initial assembly, a clearance developed due to the Shrinkagevof the
polyimide after several thermal cycles and provided a leakage path for the fluid,
Visual inspection of the seal confirmed the existence of this condition. Figure 45
shows the wear spots on the inside surface of the sealing lip. As this surface
does not normally contact the rod surface, the wear marks could only occur due
to fluid under pressure seeping between the small clearance between the sealihg
lip and metal spring, causing the seal to collapse against the piston rod. This
leakage eventually worked i'té way back to the flange portion of the seal and leaked
to atmosphere. As shown in Table 7, wear -at the sealing surface was épproxi-
mately 0. 001 inch (0. 00254 cm). '
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45° V-Seal (Design A) Outboard Element after 13,248,747 Cycles

Figure 44.
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6. Wide-Angle V-Seal (Design F)

This seal, which replaced the spring-loaded lip seal (Design E) in the
test, successfully completed 18. 8 million cycles before excessive leakage developed
(Figure 38). Total accumulated leakage during the test was 103.3 cc. Inspection
of the seal (Figure 46) revealed circumferential cracks on all three elements. Ero-
sion and cracks were noted on the sealing surface of the extreme outboard element
(Figure 47). The greatest amount of wear (0.008 inch) (0.020 cm) was experienced

by the seal that was in contact with the load ring.

A second set of wide-angle V—s_eals was tested for approximately 9.8
million cycles. This set of seals was used as a replacement for the 45° V-gseal,
which failed earlier. Testing of this seal was discontinued when the normal test

program was completed.
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Figure 47. Wide-Angle V-Seal (Design F) Outboard
Element after 18,820,000 Cycles



SECTION III
CONCLUSIONS

The major tasks of this program were accomplished as planned, Based on

the results obtained, substantial progress has been made toward the development

of polyimide rod seals for high temperature hydraulic actuator applications, Con-

clusions that can be drawn from this work are summarized below:

The capability of polyimide rod seals to meet the specified goal of 20 million
cycles at temperatures to 500°F (260°C) with a leakage rate of less than one
drop per minute, was successfully demonstrated by Designs B-~1 (30° V-seal)
and HB-1 (tapered leg V-seal),

For Design B-1 (30° V-seal), improved flexibility was obtained with the use
of longer seal legs, Asymmetrical loading provided by a dual load path
loading device resulted in a more uniform and controllable seal load,

The use of a linearly tapered seal section in Design HB-1 provided a minimum
stress seal design, This approach reduced the tendency for the polyimide to
crack by minimizing the bending stresses at the critical notch sensitive area
of the seal,

The primary causes of failure of the 45° V-seal were excessive seal loading
and uneven distribution of the load, which resulted in circumferential crack-
ing at stress concentrations exceeding the strength of the polyimide, Failure
occurred in a similar manner, and after a similar number of stress cycles,
to earlier tests conducted under a different type of operational cycle (simu-
lated flight cycle),

Although the spring-loaded lip seal (Design E) exhibited a short operating life,
the concept shows considerable potential because of its simple design and low
operating friction,

In the design of polyimide seals, careful consideration should be given to the
thermal properties of the material, Thermal stresses due to differential
expansion and contraction at the sealing surfaces represent a major portion
of the overall seal stresses and must be taken into consideration in the seal
design, Shrinkage of the polyimide due to thermal aging appears to be an
inherent characteristic of the material, Consequently, proper seal loadings
to provide the necessary deflections to compensate for this condition should
be incorporated in the seal design,
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APPENDIX A

EXHIBIT “"A"

Bcope of Vork

The work to be performed shall consist of investigations to extend the
performaence of polyimide rod seals for use with hydrauvlie fluids in
advanced airecraft, including (1) futher development of the polyimide
V-seel evolved under Contract NAS3-T26L4, (2) develop other seal designs
which most effectively use the mechanical properties of the polyimide
material, and (3) conduct high tempersture eycling tests on the most
promising seal configurations to determine their operating endurance
1imits,

Statement of Work

The Contractor shall furnish the necessary personrel, facilities, ser-
vices and materials and otherwise do &ll things necessary for, or
incident to, the work described below:

TASK I - SEAL DESIGN DEVELOPMENT

Ay V-Seal Analyses and Redesign

1. Ths ¥.ceal ovalusted in Oontract NAS3-726L chell bz vedesiencd

besed on & thorough analysis of its configuration, physical -
oroperties, and known performence and failure modes. The follow~
ing general nrocedure ghall be used for this analysis:

a) All relevent dimensionsl data of the specimens tested ir
Contract NAS3-T26L shall be reviewed,

b) Large-scale (10x normal) layouts shall be made of the sreci-
men seal installations, These layouts shall be represcrta-
tive of conditions before and after testing and also of con=
ditions at both room and elevated temperature to accourt for
thermal expansion., Tais shall permit study of the relstion-
ship of the cavity and rod to the posture of the seal elements,
load ring, and backup ring under various conditions,

¢) Free body disgrams shsll be prepared from the layouts with
probaeble deflection modes indicated.

d) Stress anslyses shall be performed in an effort to match
established theory to the rmenner and time of the fallures.
Known physicel properties of the materisl and estimetes of
kinematic conditims during operation shall be utilized in
the analyses.

e) Concurrent with the gbove, the dimensional stebility of the-
material shall be eveluated. Veseal specimens shall be sub-
Jected to thermel cycling and high-terperature sogking iwnder
confined and unconfined conditions. 89
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EXHIBIT "A"

2. A design study shall be conducted using the resvlts from this
anelytical study and other applicable information to improve -
the V-seal design concept. Some techniques that shall be con=-
sidered include:

e) Use of longer V-sections through reducing the included angle
to lower the stress level while obtaining the required deflec=-
tions.,

b) Use of a constant-stress geometry to minimize stress con-
centration (more gradual transitions from one- section to enother).

e) Reinforcing the Vesection with & higher modulus material
(metallic) to prevent overstressing of the sealing elements,

d) Use of improved loading devices to provide better load distri-
bution; i.,e., asymmetrical as opposed to symmetrical loading, and
use of flexible material (e.g., Rulon) as interleaf between
V-seals for more uniform axial load transmission.

3. The Contractor shall evaluaste fabrication and molding techniques
to determine the most suitable method for producing unfilled polyi-
mide seals, The feasibility of using rolled polyimide sheet
material for seal fabrication shall be considered. The V-seal
design shall utilize any improved fabrication methods.

b, V-seals shall be fabricated to the new design and bench tested to
ascertain the benefits of the improvements. These tests shall
determine friction, leakage, seal deflection, and compensation
of wear under simulated wear tonditions.

Other Seal Designs
In addition to the V-seal, four other concepts shall be evolved that
offer the potentisl of utilizing the mechanical properties of the
polyimide to best advantage. Simple stress analysis shall be econducted
to aid in design selection. The most promising seal designs shall be
fabricated, and design parameters such as friction, loading, leakage,
and wear compensation shall be determined through bench testing.

TASK IT -~ SEAL FABRTCATION AND TEST RIG LAYOUT

Based on the results of the seal design and testing in Task I, four (L)
sets each of the most promising seal configuration shall be fabricated,
In addition, a layout drawing of the test rig with accompanying parts
list shall be prepared. The parts list shall indicate the items furnish-
ed at no cost by the Contractor as well as those items furnished by NASA.
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EXHIBIT "A"

TASK IIT - HIGH TEMPERATURE CYCLING TESTS

A.

B,

o

Seal Evaluation

1. The Contractor shall select with the spproval of the NASA Project
Manager, the three most promising one-inch seal configurations
Aeveloped in Task I and the V-seal design developed under Contract
NAS3-T26k for testing as described below.

2. The seals shall be tested in the double ended test actuators used
under Contract NAS3-726L4 or equivalent. Each actuator shall be
used to test two different seal designs concurrently, and two
actuators shall be tested in the same rig used under Contract
NAS3-T26k with four seal designs being tested econcurrently.

3. The Contractor, shall conduct high frequency short stroke cycling
tests on the four selected seal designs. The selected test sequence
is based on bending fatigue as the likely cause of prior failure
and the observation the primary wear problems developed in the short
stroke cycle operation, The tests shall be conducted at a fluid
temperature of 5000F, + 200F and fluid pressure of 100 to 150 psig,
(The seal temperature shall be no less than the fluid temperature.)
The cycling rate shall be 300 com + 25 com. Piston rod totasl stroke -
length shall be maintained at .020 inch/+ .020, ) The test fluid
shall be chlorinated phenyl methyl silicone supplied by the Contrac-
tor unless otherwise directed by the NASA Project Manager: The test
shall be run to failure or completion of 20 million short-stroke
cycless Seal fallure shall be défined as leskage in excess of one
drop per winute (approximately 3 cc per hour). Prior te conducting
the test, the Contractor shall submit-e test plen and iInstrumentetion
plan for the NASA“Project-Manager-approval.

Data Requirements

The minimum date recorded during tests of the seals shall be as follows:

l, 011 temperature

2. 01l leakage

3. Number of cycles and rate
Lk, 01l pressure

Celibration and Additional Data Requirements

1, Apparatus and instruments used shall be calibrated prior to the
start and at scheduled intervals during the program,

2. An equipment log shall be maintained for each apparatus and in-
strument, Dated entries shall be made for all calibrated results;,
8ll uses of the equipment, all inspection data, and all maintenance
operations on the equipment.
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D.

EXHIBIT "A"

3. Technical record logs shsll be estsblished by the Contractor
and dated entries made to provide a means for documenting the
history of each seal throughout its testing cycle. The logs
shall contain all information needed to reach a decision as
to whether the seals developed meet the specified requirements,

k. ‘The sbove logs shall be fully maintained and be available for
review by the NASA Project Manager.

%« A1l data recorded under this contract shall be made availsble to
the NASA Project Manager upon request.

Additional Reporting Requirements

As an gdditional requirement, the Final Report shall include in an
sppendix all pertinent analysis performed during the program and a
get of detalled drawings of the test seals.



APPENDIX B
SEAL ANALYSES

A. GENERAL

Design analyses of the spring-loaded lip seal (Design E) and the wide angle V-
seal (Design F) are presented in the following sections. The analyses provided the
basis for the design of the two seal configurations. In determining the load-deflection
characteristics of these seals, appropriate formulas from R. J. Roark's "Formulas
for Stress and Strain' were applied, For the design of the hoop spring used in seal
Design E, reference was made to the work by A. M. Wahl - Mechanical Springs,

second edition (Reference 4),

B. SPRING-LOADED LIP SEAL

This configuration, Figure 21, consists of a polyimide sealing lip and slotted
metal hoop spring. The latter provides the necessary closing force on the seal lip
to effect a seal against the piston rod. The spring also acts as a wear compensating

device.

The method of analysis was similar to that used in the V-seal studies (see
Section I). The principle factor governing the design of the seal was the differential
thermal expansion between the polyimide seal and the piston rod at 500°F (260°C),
Therefore, the seal loading had to be of sufficient magnitude to restrain the seal from
expanding so that intimate contact between the seal and piston rod could be maintained
at the 500°F (260°C) operating condition,

The differential expansion ( A4 ) between the seal and piston rod at 500°F
(260°C), was determined in the following manner:

A4 = seal expansion-rod expansion at 500°F (260°C),
Using coefficients of expansion of

27.5 x 100 in:/in. /°F for the polyimide and

5.6 x 1070 in. /in. /°F for the 440C piston rod;

At = 27.5%10°° in./in. /°F x 430°F x 1 in. - 5.6 x 1078 in. /in. /°F x 430 x 1 in.

AL = 0.0094 in. (0, 024 cm)
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Therefore in the design of the seal, an external load capable of deflecting the

seal by 0,0094 in, (0,024 cm) diametrally must be incorporated to overcome the

effects of thermal expansion,

Values of seal load, seal cross-sectional thickness, and operating stresses

were determined by applying classical formulas for stress analysis of thin walled
cylinders. From R. J. Roark's "Formulas for Stress and Strain' (Reference 2), the

following equations were derived.

For radial deflection (R.D.),

- Vo
R.D. = —5
2DAX
3
where: D = ———E—t——z—- ; and
12(1 - v°)
oA L A
o= 2 12_; -
R2 t ~ Rt
Substituting for D and A, Equation (B-1) becomes
v 6v RS 21-n1/4
R.D. = 0 = - 03/4 3/2
amts 3541 -3 34 33/% Et
12(1- v RY/Z 52

Hoop stress (62) due to seal loading is determined from

2V

52 = - _—t£ AR (at end)

substituting for A Equation (B-3) becomes:

1/4 p 1/4
237V (1-v9 —
= - (:3 7 R (at end)
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The hoop bending stress (62 ‘) is obtained from:
62' = +v61' (B-5)

Where ((‘51 ’) the meridional bending stress is:
, 1,932 VO
o "= (B-6)
1 N t2

Substituting for A, Equation (B-6) becomes

1,932V 1,932V_J/R
il v/ usas v Sl v/ Y — V7Y (B~T7)
t" 3" a-v) @ Ht @ -v)
JR At
Hoop stress due to fluid pressure
_ PR
62 t

Given the following conditions, Equation (B-2) was rearranged to solve for the
seal load (VO).

Vo
1
I
—t— - S .
|
f
I

POLNIMIDE SEALINGLIP

Modulus of Elasticity of polyimide (E)

250, 000 psi at 500°F

Poisson's ratio V) - .45

Seal radius - (R) - .5in,

Seal thickness (t) - .018-.020 in.
Tensile yield strength Fpy - 6000 psiat 500°F

Seal radial deflection (R.D.)

0. 0047 in. at 500°F
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6Vo(.5)3/2 (.946)
R.D. =- B-2
2.28 (250 x 10°) t°/ 2 (5=2)

v
-3 0
R.D. = .00339 x10 * ( )
t372

_ . 0047 x .0042
Vo T -3
.00339 x 10
V0 = 3 pounds per inch (525 N/m) of seal circumference

The hoop stress resulting from the seal load (VO) was determined from
Equation (B-4).
6, =~ 2(1.316) 3 (.946) /5 (B-4)
2 ’ ’ t372

6, = 2180 psi (1.5 x10" N/m?)

From Equation (B-7), the bending stress resulting from the seal load was:

5 1.932 VOA/R

1 T GU7AE2 T

(B-T7)

A%
. o]

r 3
6, = 11X <5515

. . 6., 2
61 = 1365 psi (9,41 x10° N/m")

The above values obtained for loop stress and bending stress are well within the
strength envelope of the polyimide, The seal cross-sectional thickness (t) of ,018-,020
inch (0,046-0,051 cm) was selected in order to obtain the most flexible seal possible,

The slotted hoop spring depicted below was configured to provide a series of
spring taps, which produced a uniform load of 3 pounds (525 N/m), The tabs were

designed based on a simple cantilever spring of constant width loaded at the free end,
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1 — 4= 50 SPRING TAB

SPRING MATL' VASCOJET 1000- TNPE H-11 )
Ez 29%X10° PSI AT LOO°F, FTy 185,000r5! AT LoD F

Figure 48, Hoopspring

In the above case the well known cantilever formula for deflection (Reference
4) is
Y
d = 3ET (B-8)
where 4 = length of spring
E = modulus of elasticity

3
I = %—- = moment of inertia, where b = width, h = thickness
An H-11 type (Vascojet 1000) steel, heat treated to provide a tensile yield
strength of approximately 180,000 psi at 600°F, was selected as the spring material.
Using the data shown in Figure 48, the thickness (h) of the spring was determined
from Equation (B-8),
3

3

- _pt  bh -

d = 3F 12 (B-8)
Rearranging and solving for h, Equation (B-8) becomes:

8
th/lzm
3Ebd

:3 4x3x(.15)°
291(106x(.15)x(.005)
h = .0123 inch (0, 031 cm)

h
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The nominal bending stress at the built-in end of the spring is

6 =L (B-9)
bh
5 —8(3)(.15)

15 x(. 012.3)2

On
It

120,000 psi (8. 27 x 108 N/m?)

C. WIDE ANGLE V-SEAL (DESIGN F)

This seal configuration, shown in Figure 49, consists of three sealing elements,
a backup ring, and loading ring. The wide angle (133°) construction provides a gradual
transistion from one surface to another to minimize stress concentration. Loading of
the inner and outer sealing surfaces is accomplished by two spring washers, which are

capable of producing an axial force of approximately 100 pounds (445N),

O.D. SURFACE LOAD RING

SPRINGS

BACKUP

ng__/,,,_

-«— |00Ibs
(445N)

POLYIMIDE SEALS "D SURFACE

Figure 49, Wide Angle V-Seal

Analysis of the stress and deflection characteristics of this seal was based
on techniques used in the stress analysis of flat plates (Reference 4). As shown below

the seal was evaluated as a circular plate with a concentric circular hole.
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l ;-%1 ‘ b *i

ot a..‘ he—— A ——nd
Y - y
CONDITION-A CONDITION-B
O.D. DEFLECTION I.0. DEFLECTION

For condition YA' deflection of the O.D. surface, the inner edge is assumed
fixed and a uniform load acting along the outer edge. In this case the maximum radial
stress occurs at the inner surface. From Reference 4, the stress and deflections

were determined as follows:

- 2 3 2
i [ 2a“(m +1)loga/b+a’(m-1)-b Lm'l)] (B-10)

Max. 61‘ (at inner edge) = 5 >
2t a(m+1)+b (m-1)

Max. y (at ouier edge) =

2
3 V'J(mz—li l: a4(3m +1) - bﬁm -1)- 2a2b2(m +1) - 8ma2b2 logab - 4a2b2Lm +1)(log a/b) :l

4m‘21'TEt3 az(m +1) + bz(m - 1)
(B-11)
Notations:
ér = radial stress - psi
y = vertical deflection - in.
= _ . _ 50 _ .
w = applied load = % .75 %3 3.5 pounds/inch
-1 1
m = y 15 2,22

(m+1) =(2.22 +1)=3.22, (m - 1)=1.22

a =0.75in., b=0.625in., t =0.02 in., E = 250, 000 psi at 500°F
2 _ 75 ) 90, og & =.079; a% = .562; bE -
b 55 ~ 1-20; log ¢ =.079; a =.562; b" =.39
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. 3(3.5) 2x.562x3.22x.0'79+.562x1.22—.39x1.22]
Max. 6 = o 022 562 x3.22 4 .39 x 1,22 (B-10)

= 4200 x . 218
5, = 915 psi (6, 31 x 10% N/m?)

Max. v = - 3(3.5)(3.9) [2.425 - .1864 - 1.416 - .309 - . 0177
- ¥ = 7 44.9) 7 250, 000x . 000008 1,812 +.477
(B-11)
Max. y=-.334 x .217
Max. y = -.0725 in. (0,184 cm),
Deflection for O.D. is Ax =y cos 6 =.0725 x . 3987 = . 028 in, (0, 071 cm),
For condition B
3w 2mb? - 2b2(m+1) log a/b
Max. Gr (at outer edge) = — [1 - 5 5 (B-12)
2mt a"(m-1)+b"(m+1)

Max. y (at inner edge) =

- 2
_ 3 wgm2 -1) {az_ b2 + 2mb2(a2- b2) -8 ma2 loga/b +4a2bzim +1)(log a/b) }
417m2 E t3 a2(m -1) + bz(m +1)

(B-13)
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Notations:
m =2.22, a=0.625, b=10.498, t=.02

E = 250,000 psi at 500°F
- 50

W oS se xS 5. 33 pounds/inch
aZ = 0.390, b> = 0.248, % =1.255, log% =.0986
_ 3x5.33 [ 2x2.22 x ,248 - 2x,248 x3.22 x.098 "
Max. 8, = 5o %0002 L1~ 3906 x 1,22 + . 248 x 3. 22 (B-12)
_ 15.99 [, _ 1.102 - .157
Mex. 8 = o551 L1~ Ta77 + 799
Max. 6= 6370 x . 257
Max. 6_=1640 psi (1,13 x 107 N/m?)
_ 3(5.33)x3.9 { 157 - .169 + .012 _
Max. y Txnxdox2 X112+ i o9 (B-13)

=-.518x .142

Max. y = - . 0735 inch

Deflection for I.D. is Ax =y cos 6 = .0735 x .398 = .029 inch (0, 074 cm)
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