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SUMMARY

An experimental evaluation was conducted on main shaft seals
for helicopter gas turbine engines, Seals were operated at conditions
more stringent than those of existing engines,

Three conventional carbon seal designs were tested: face, cir-
cumferential segmented, and rotating ring,

In addition, two advanced carbon seal configurations incorporat-
ing self-acting geometry for lift augmentation were evaluated, One was
a face seal and the other a circumferential (shaft-riding) seal,

Evaluation tests were conducted on =1l seal configurations at am-
bient temperature over a range of sliding speeds and sealed pressures.
The maximum sliding a%eed was 213 m/s (700 ft/sec) and maximum air
pressure was 148 N/cm® (215 psia), Basic design data such as air leak-
age and seal temperature were developed, Results indicated that con-
ventional seals have high leakage rates, The conventional circumferen-
tial segmented seal and the self-acting circumferential seal had high
wear rates, but results on the self-acting circumferential were incon-
clusive because of dimensional variations,

The self-acting face seal limited airflow effectively, and hi - the
potential to operate successfully in high-pressure applications. A _eries
of evaluation “ests over a temperature range(maximum temperature,

645 K (675°F)) was conducted on the self-acting face seal. During this
temperature evaluation testing of the self-acting face seal, several
random failures occurred during which the carbon primary ring con-
tacted the rotating seat and created excessive heat and weai, These
failures were attributed to a combination of dynamic effects and thermal
distortion of the seal seat.

High rotating speed (43, 000 rpm) capability of the self-acting
face seal was demonstrated in a 150-hour endurance test that was
successfully completed, Test conditions were sliding speed to 145
m/s (475 ft/sec), air pressure to 124 N/cm? (180 psia), and air tem-
perature to 408 K (275°F). Wear was insignificant,
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INTRODUCTION

Main shaft seals are becoming increasingly critical in ad-
vanced gas turbine engines for helicopters., As shaft speeds, air
temperatures, and air pressures increase, engine size decreases,
leaving less envelope to accomplish the sealing function.

The purpose of this program was to evaluate the performance
of conventional seals and self-acting seals at operating conditions
more gsevere than those experienced in current engines and to develop
seals capable of operating in these environments.

Advanced Avco Lycoming engines in the 1,36 to 4, 54 kg/s
(3 to 10 1b/sec) class incorporate main shaft seals that operate with
surface speeds to 137 m/s (450 ft/sec), air pressures to 72 N/cm?
(104 psia), and air temperatures to 810 K (1000°F), Positive-contact
carbon seals are used, In future high-performance engines, seal
operating conditions will be more severe and existing positive-contact
seal configurations may not be adequate. At high speeds and pressures,
positive-contact carbon seals have a tendency to wear, generate heat,
and coke up.

An alternative to positive-contact seals are labyrinth seals.
Because of their noncontacting feature, labyrinth seals offer infinite
life; however, at high air pressures « nd temperatures, simple lab-
yrinths will not suffice, and complicated multistage labyrinths must
be used. These latter seals incorporate venting and pressurization
passages that are costly to produce and difficult to accommodate in
small, high-performance engines. Compared with positive-contact
seals, labyrinths also permit higher leakage airflows, (which must be
absorbed by the lubrication system) that cause a loss in engine perfor-
mance,

The self-acting seal concept incorporates the best features of
positive-contact seals (low leakage) and labyrinth seals (noncontacting).
During operation, self-acting seals are noncontacting, the sealing sur-
faces being separated by a thin gas film (sealing gap) which limits gas
leakage., At shutdown the seal is positively contacting. Self-acting
seal designs incorporate Rayleigh step lift pads on the primary (carbon)
sealing faces, Thesec lift pads provide hydrodynamic force to separate
the sealing surfaces, and the gas film is sufficiently stiff so that the
primary (carbon) ring tracks the runout motions of the seat without
rubbing contact, '

;
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Analysis of the self-act'ng seal concept and experimental
feasibility studies for large gas turbine engines have been detailed
in many NASA-sponsored programs (References -1 through 10), How-
ever, as engine size decreases, the seal size decrazases and it becomes
increasingly more difficult to design in adequate lift pad geometry,
Further, engine speeds increase as engine size decreases, and seal
inertia forces (which increase as the square of the shaft speed) start
to become a significant force to cause rubbing contact, Therefore the
subject program was designed to investigate the operating conditions
and problems peculiar to small, high-performance helicopter gas
turbire engines.

The experimental evaluation was carried out in a test rig that
simulates engine conditions in an advanced gas producer turbine hear-
ing location, All seal and bearing package hardware was lightweight
and typical of Avco Lycoming engine design practice.

Three conventional seal configurations used in Avco Lycoming
engines were tested: face, shaft riding, and rotating ring.

In addition, two self-acting seal configurations were evaluated,
One configuratior had an internally pressurized, shaft-riding, circum-
ferential seal design, and the other had a positive-contact face seal
design, The basic seal designs were defined by NASA,

Test data pertaining to airflow, cavity pressure and seal tem-
perature for all seals were developed for a range of speeds and
pressures at ambient temperatures, These data provided design
criteria and a basis for comparison of the seal configurations. A
labyrinth configuration was analytically evaluated as part of the seal
performance comparison,

The self-acting face seal configuration (which showed the best
potential for successful operation at advanced engine conditions) was
endurance tested and evaluated at elevated temperatures,

During the course of the program, 282 Lours of rig evaluation
was conducted.

TEST VEHICLE

The test rig bearing compartment (Figure 1) is typical of ad-
varced, high-speed gas turbine packages. Sealing positions are
located forward and aft of the bearing, which enabled two seal samples
to be tested simultaneously,
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The rig prime mover is a 10C-horsepower, 29, 000-rpm steam
turbine. Connecting the steam turbine o the rig is a 3:1 ratio speed
increaser, The test installation is shown in Figure 2,

The shaft is supported by a 35-mm, split-inner-race ball bear-
ing in the test position, and by a 25-mm, split-inner-race bearing in
the support position, Both bearings are hydraulically mounted, and
thrust loading is supplied by coil springs acting on the outer ra.e of
the support bearing and by pressure differentials across the loading
wheel,

A single batch of MIL-L-23699 oil at 367 + 5K (200+ 10°F)
was used throughout the test program,

The bearing con.partment drains by gravity into a static air-oil
separator. The minimum scavenge area is 93 mm*® (0.144 in%). De-
sired air pressure is introduced into the cavities adjacent to the test
seals, and the air that leaks past the test seals in conveyed through a
flowmeter from the air-oil separator to obtain a measure of seal per-
formance.

Instrumentation incorporated in the test rig is listed in Table I.
The location of the pertinent instrumentation is shown in Figure 1, All
measurements were made with instruments using English unit-, These
were then converted to SI units for reporting purposes.

An attempt was m.ade to measure geal operating torque by re-
cording the housing reaction torque, but this was discontinued because
the seal and bearing torque was so small it was being absorbed in the
lines going to and from the housing and in friction in the large support
bearing.

Much of the test data are reported as a function of seal sliding
speed; the corresponding shaft RPM for the self-acting face secl is as
follows:

Sliding Speed Shaft Speed
m/s ft/sec rpm

61 200 18,200

91 300 27, 300
122 400 36, 400
152 500 45, 500
183 600 54, 600
213 700 63,700
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TABLE I,

INSTRUMENTATION PLAN

Parameter To
_Be Measured

Shaft Speed

Air Pressure

Air Temperature

Seal Air Leakage

Oil Temperature
0Oil Flow
Oil Pressure

Bearing Cavity
Pressure

Scavenge Pressure

Shaft Torque
(reaction torque
measured)

Seal Temperature
Vibration

Chips

Sensing Device

Magnetic pickup

Gage
Gage
Gage

Thermocouple
Thermocouple
Thermocouple

Glass tube
rotameter

Thermocouple
Thermocouple

Glac = tube
rotameter

Gage

Gage
Gage

Strain gage
Thermocouple
Velocity pickup
Chip detector

Location

Steam turbine shaft

Fwd wheel cavity

Fwd seal cavity
Aft seal cavity

Fwd wheel cavity

Fwd seal cavity
Aft seal cavity

Scavenge air-oil

Correspond-
ing Number

in Figure 1

9
10
13

4
1t

12
5

8

mixture is passed through
a static separator and the
dry airflow is passed
through the flowmeter

Qil feed line
Scavenge line

Oil feed line

0Oil feed line

Within bearing cavity 7

Scavenge line

Beam assembly

Sea! case or carbon

Scavenge line
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EVALUATION OF CONVENTIONAL AND ADVANCED SEALS

Conventional Rotating Ring Seal

Design

The rotating ring seal (Figure 3) is essentially a close clear-
ance labyrinth that is free to rotate in the seal case. The rotating
ring sccling element is composed of a carbon ring shrunk into a
steel retaining band. The retaining band is used to control the
expansion rate of the composite ring and to reinforce it against ro-
tational stress.

The carbon-steel composite ring is designed to have a coeffi-
cient of thermal expansion similar to that of the seal runner. The
purpose of matching thermal expansion characteristics is to hold a
temperature-constant clearance between the runner outgide diameter
and the carbon inside diameter.

The carbon-steel composite ring is shaft driven (by friction)
and is designed to rotate at a speed less than shaft cpeed., The ex-
pansion of the composite ring with speed is utilized to provide a
minimum air leakage gap at all operating conditions, If the gap tends
to increase, the driving torque decreases and the ring speed de-
creases., The opposite occurs if the gap decreases: the driving
torque increases, the ring speed increases. The seal, therefore, is

designed to be self-regulating.

The rotating ring configuration used in the test program is
shown in Figure 3. Seal materials and critical dimensions are
listed. Seal components ace shown in Figure 4,

For the test program, the forward seal position was built with
a static diametral gap of 0.0610 mm (0.0024 in.) and the aft seal
with a static diametral gap of 0.1346 mm (0.0053 in.).

Test Results

Five tests were conducted, each test covering a range of
speeds and air pressures at ambient temperature. Test data are
shown in Table II, which lists test conditions and resulting airflows,
bearing cavity pressures, and seal temperatures. Seal tempera-
ture was measured at the location shown in Figure 3. Only the aft
seal was temperature instrumented,
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TABLE II ., ROTATING RING SEAL TEST DATA I
Air Cavaty Seal
Speed Pressure Pressure Airflow .Two Seals) Temperature

Teat Run (m/s) (ft/sec) (N/cm?) (psis) {(N/cm®) (psis) (kg/s) {acfm) (ib/ wec) 1K) {(*F)

I 1 61 200 30.8 44,7 20,4 29,7 .01} 18.5 . 024 - -
2 91 300 30.8 44,7 19.8 28.7 .10 16.5 . 021 3is2 175
3 61 200 46 66,7 26.7 38.7 - - - 363 195
4 91 300 46,17 67.7 26.0 37,7 - -~ - 367 203
S 61 200 9.1 114,7 36.4 52.7 .028 48 . 061 371 220
6 91 300 79.1 114,7 35.6 S51.7 025 43.5 . 05% 386 235
i 7 61 200 34.3 49.7 26,7 38,7 014 25 .032 322 120
8 91 00 34,3 49,7 26 3.7 .013 23 . 029 337 145
9 122 400 34,3 49,7 24.6 35.7 .012 20 025 363 195
10 61 200 55 9,7 37.8  54.7 . 027 47.5% . 061 339 15
11 91 300 55 19.7 36.4 S2.7 . 0258 43 . 055 361 190
12 122 400 55 19,7 34,3 49.7 .021 kg . 047 368 205
13 61 200 13,6 106, 7 48,1 69.7 .038 65 .083 36) 190
14 91 300 73.6 106,17 46,7 61.7 .036 60,5% . 077 363 195
15 122 400 7.7 12,7 45.3  65.7 032 56 071 kY2 210
m 16 61 200 34.3 49,7 2¢.6 32,7 013 23.5 . 030 300 80
17 91 1300 34,3 49.7 22,6 32,7 0N 18,5 . 024 337 145
18 122 400 34,3 49.7 20,5 29.7 09 15 .019 350 170
19 152 500 34,3 49.17 18,4 26,7 . 006 11 .04 366 200
20 61 200 55 9.7 30,8 44.7 023 40 . 051 3 140
21 91 300 55 9.7 29.5 42.7 .019 33.5 . 043 344 160
22 122 400 5% 9.7 27,4 39.7 016 28 « 036 361 190
23 152 500 55 .7 23,2 33,7 .01 19.5 . 025 375 215
24 61 200 8.4 113.7 39.2  %6.7 - - - 361 190
25 91 300 79.1 114,7 39.2 56,7 - - - 363 195
26 122 400 79.1 114,7 36,4 52,7 - - - 366 200
27 152 500 79.1 114.7 30.8 44.7 - - - 31 220
v 28 122 400 34,3 49,7 19.8 28,7 .010 16,5 . 021 339 150
25 152 500 34,3 49,7 18,4 26,7 . 006 11 .014 361 190
30 i83 600 34,3 49,7 15,7 22.7 .003 5.5 . 007 388 240
k)1 122 400 55 %7 25,. 36,7 .06 2?7 .034 339 150
32 152 500 55,7 80,7 22.¢ 32,7 012 20 . 0258 361 190
33 183 600 55 79.7 19,1 27,7 . 007 12 L0015 302 245
34 122 400 1.7 112.7 34.3 49.7 .024 42 .054 366 200
35 152 500 79.1 1147 30.8 44.7 .016 28 . 036 375 218
36 183 600 79.1 114,17 23.9 34,7 .011 19 .024 399 260
37 122 400 103,2 149,7 42.6 61.7 .034 §59.5 .076 366 200
38 152 500 103,2 149,.7 37.8 54,7 . 025 43 , 085 388 240
39 183 600 103.2 149,7 30.8 44.7 .013 23 029 399 260
v 40 61 200 34,3 49,7 2.9 AN.7 .013 23 . 029 344 160
4] 91 300 4.3 49.7 20,6 29.7 .011 18.5 <024 358 185
42 122 400 34,3 49.7 19.8 28,7 009 15 .019 368 205
43 152 500 34,3 49,7 18.4 26.7 . 007 12 .015 RS 235
44 i83 600 35 50.7 15,7 22.7 .003 6 .008 399 260
45 213 700 35 50,7 14,3 20.7 .001 2.5 .003 428 315
46 61 200 55 79.7 32,2  46.7 003 40 .05} 3138 145
47 91 300 55 79.7 30.8 44.7 . 020 34 . 043 3¢} 155
48 122 400 55 19.7 .28 40.7 016 28 . 036 358 185
49 152 500 55 7917 24,6 35,7 .01 19.5 . 025 388 240
50 183 600 55 79.7 20,6 29.7 . 00¢( 11 .014 410 280
51 213 700 55 19.7 16,4 23,7 . 002 4 .0CS 435 330
52 9! 1300 7.7 112.7 39,2  %6.7 . 029 E) 064 361 190
53 122 400 18.4 113,7 36.7  s2,7 . 025 44 056 366 200
54 152 %00 79.1 114, 7 30.8 44.7 . 019 33,5 043 378 215
55 183 600 19.1 114.7 25,3 36.7 .01l 19 024 394 250
56 213 700 79.1 114, 7 2.9 3.7 .008 13,5 017 420 300
57 122 400 103,2 149.7 $0,9 73.7 - - - 358 185
58 152 500 103,2 149.7 43.3  62.7 .029 50 064 388 - 240
59 183 600 103,2 149,17 35.7 51,7 . 020 3B . + 045 405 270
60 213 700 103,2 149,17 28.8 41,7 .013 23 .029 405 270
61 183 600 123.9 179.7 41,9 60,7 - - - 82 230
62 213 700 123.9 179.7 34,3 49,7 .09 33 . 042 394 250
63 183 600 148,2 214.7 A7.4 68,7 . 038 60 .076 382 2%
64 213 700 146.8 212,17 51.6 74.7 - - - 399 260
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Carbon-runner static diametral gaps showing the carbon wear
experienced after each test are listed in Table III.

It can be seen that the forward seal gap increased to 0.1245 .am
(0. 0049 in.) after test I. The aft seal did not change from the origi-
nal gap of 0.1346 mm (0.0053 in.). These gaps did not change again
until test V, where further wear occurred.

Test II values of airflow are high compared with those of the
other test runs. This disparity was attributed to a distorted aft geal
housing that was first used in this test. The distortion was due to a
hole drilled in the housing to lead out the thermocouple wires, which
raised a 0.0127 mm (0. 0005 in.) bump on the axial face that contacts
the carbon ring. The housing was lapped flat for subsequent opera-
tion.

Data for tests III through V are presented in Figure 5. As a
design guide, airflow versus pressure differential is plotted for
various operating gaps. The operating gaps were calculated at var-
ious speeds under the following assumptions:

1. Static gaps of 0.132 mm (0. 0052 in.) were assumed for
both seals.

2. The runner is treated as an unsupported thin ring.

3. The growth of the runner and the carbon-metal composite
due to temperature are equal.

n_P-

The composite ring does not rotate.

Runner growth due to speed and the resulting operational gap
at each speed point are listed in Table IV.

During test V, substantial carbon wear occurred (Table III).
This is why some points for the 0.005 mm (0.0002 in.) and 0.03 mm
(0. 0012 in.) gaps trail off from the straight lines shown in Figure 5.
Wear was to be expected at the 213 m/s (700 ft/sec) point, since the
calculated diametral operating gap closes to 0. 005 mm (0.0002 in.).
The following traces were taken after each test:

1, Carbon axial flatness and roughness

2, Casing axial flatness and roughness

pos > -+, ; P .'m» = el Rk L T
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TABLE IIl. ROTATING RING SEAL TEST RESULTS--COMPARISON

New 1 u 1 v v
Fwd Carbon ID (mm) 73.29170 73, 355i0 73.35520 73.35774 73.35774 73.43394
Fwd Runner OD {(mm) 73.23074 73.23074 73.22820 73.23074 73.23074 73.21804
|Diametral Gap (mm) . 06096 . 12446 . 12700 . 12700 .12700 .21590
Fwd Carbon ID (in.) 2. 8855 2.8880 2.8880 2.8881 2.8881 2.8911
Fwd Runner OD (in.) 2.8831 2.8831 2.8830 2.8831 2.8831 2.8826
Diametral Gap (in.) . 0024 . 0049 . 0050 . 0050 . 0050 . 0085
Aft Carbon ID (mm) 73.36028 73.36028 73.36028 73.36028 73.37044 73.39076
Aft Runner OD (mm) 73.22566 73.22566 73,223)12 73.22566 73.2256b6 73.22566
Diametral Gap (mm) . 13462 . 13462 .13716 . 13462 . 14478 .16510
Aft Carbon ID (in.) 2.8882 2.8882 2.8882 2.8882 2. 8886 2.8894
Aft Runner OD (in.) 2.8829 2. 8829 2.8828 2.8829 2.8829 2.8829
Diametral Gap (in.) . 0053 . 0053 .0054 .0053 . 0057 . 0065
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120
.005 mm dio gop
150 k- ] (.0002 in.)
100 2 056
dia gap
(.0022 in.)
X
80
v .03 mm dio gop /
- (.0012 in.)
Q
= 'w -~ .091 mm
s v dia gop
2 ~ (.0036 in.)
a * ¢ 60 W
. 2 z X
§ 112 mm
- dio gap
o o (.0044 in.)
a
40 5 122 mm diagop
sob (.0048 in.)
132 mm diagap
> / (.0052 in.)
ol
0 010 020 .030 040
kg/s
L ]l 1 1 |
0 .020 .040 .080 .080
1b/sec
Airflow

Figure 5. Airflow Through Two Rotating Ring Seals Versus Pressure
Differential Between Air Side and Oil Side, Tests III
Through V.

14

7

.‘\LP‘RODUC!BILHY OF THE ORIGINAL PAGE 5 POOR,

!'-“'ﬁ—"

; : \ . :
' = N .

L.




———

fames o g
-

¥

-~

S I

TABLE 1V, OPERATING GAP AT SPEED
Diametral Increase Resulting Operating
Speed of Runner OD Gap
(m/s) (ft/sec) (mm:) (in.) {mm) (in.)
0 0 0 0 132 .0052
61 200 .01016 . 0004 122 . 0048
91 300 . 02032 . 0008 .112 . 0044
122 400 . 04064 .0016 .091 .0036
152 500 . 06604 .0026 .056 .0022
183 600 .09144 .0036 .030 .0012
213 700 . 12700 . 0050 .005 .0002
15
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3. Runner roughness, waviness, and roundness

Inspection results of carbon flatness and roughness and runner
roughness, waviness, and roundness are listed in Table V. Casing
flatness, roughness and waviness did not change significantly during
the test program., Typical values were:

Casing flatness 7.62um (0.0003 in.)

Casing roughness 0.127 um (5 yin. AA)

Casing waviness 1.27 um (0.00005 in.)
The carbon rings did not wear axially throughout the test pro-
gram.

Charts showing the aft carbon axial sealing face condition fol-
lowing test V are shown in Figures 6 and 7. Forward runner -con-
dition after test V is shown in Figures 8 and 9. Both the forward
and aft runners after testing are shown in Figure 10, Carbon de-
posits can be seen on the runners. Inspection revealed 0.038 mm
(0. 0005 in.) wear cn the forward carbon.

Total oil flow to the pearing compartment was varied with
speed as follows:

-Shaft Speed Qil Flow
m/s ft/sec kg/hr 1b/hr

61 200 48 106

91 300 75 166
122 400 95 <210
152 500 115 254
183 600 142 314
213 700 170 374

The bearing was fed by four 0. 81 mm (0,032 in.) jets and
each seal runner was cooled by one 0. 81 mm (0.032 in.) jet. Oil-
in temperature was 366 K (2000F), MI".-L-23699 oil was used,

Runs 1 - 15 were of 30-minute duration each. All succeeding
runs were of 15-minute duration.

16
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TABLZE V. ROTATING RING SEAL INSPECTION DATA
"Iteat B
I 44 I v v
Fwd Carbon
Flatness um) 6. 135 5.84 4,32 5. 84 3.05
{in.) 00025 . 00023 . 00017 . 00023 .00012
Roughness §: m) .13 .18-,20 ,20-.23 .18 . 18-.20
@ in, AA) 5 7-8 8-9 6 7-8
Aft Carbon
Flatness (um) 2.54 9. 39 2.54 3,05 22,35
(in.) . 00010 . 00037 . 00010 .00012 . 00088
Roughness {4 m) .15-,18 .18 .13 .53
. A (1 in. AA) 6-7 ? 5 21
Fw‘d Runner
) Roundness {um) 1.27 3.05 2. 54 13,96
{in.) . 00005 .00012 . 00010 . 00055
Roughness {um) .25-.28 .30-.33 .25-.28 .25 .25-,28
{ in. AA) 10-11 12-13 10-11 10 10-11
Waviness {um) 1. 14 1.52 1.01 1,19
{in. ) . 000045 . 000060 . 000040 . 00047
Aft Runner
Roundneas (um) 5.58 8.88 5,08 2,54
{in.) , 00022 . 00035 . 00020 . 00010
Roughness {um) .25-,28 .28-,30 .25-,28 . 28-,30 .30
{uin. AA) 10-11 11-12 10-11 11-12 12
Waviness {um) 2,04 1.78 2.04 3.04
(in.) . 000080 . 000070 . 000080 . 00011
s—— e
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Aft Rotating Ring Seal--Roughness Trace of Axial Sealing

Face of Carbon Ring After Test V.

Figure 7.
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Forward Rotating Ring Seal--Trace of Runner Contact

Figure 8
Area After Test V.
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Circumnferential Segmented Seal

Degign

The circumferential segmented seal (Figure 11) is a carbon ring
consgisting of three 120-degree segments held together by a garter soring
on the outside diameter. When the ring is installed on the runner,
clearance between the adjacent ends of the segments allows a limited
airflow into the bearing cavity. Design clearance, at each gap, is
0.229/0. 305 mm (0.009/0.012 in.). During operation, if the carbon
wears from shaft contact, the garter spring forces the segments radially
inward. When the clearance between the adjacent carbon segment ends
is zero, the ends butt up and the carbon inside diameter no longer con-
tacts the runner. Approximately 0.127 mm (0. 005 in.) of radial carbon
wear will cause this condition. The seal then operates as a close clear-
ance labyrinth. The minimum gap is formed at the maximum speed,
pressure, and temperature conditions, where the runner is at its largest
diameter.

The circumferential segmented seal configuration used in the test
program is shown in Figure 11. Seal materials and critical dimensions
are listed. Seal components are shown in Figure 12, and the seal as-
sembly is shown in Figure 13.
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Test Results

Five tests were conducted, each test covering a range of speeds
and air pressures at ambient temperatures. Table VI lists test condi-
tions and resulting airflows, bearing cavity pressures, and seal temp-
eratures. Seal temperature was measured at the location shown in
Figure 11. Only the aft seal was temperature instrumented.

Test I. - Disagssembly of the seal following test I revealed that one
forward seal carbon segment was cracked in two places. It was deter-
mined that the damage had vccarred at assembly prior to testing when
the forward seal was slipped over the runner. A larger lead-in chamfer
on the forwarcd runner was incorporated to correct the problem. The
airflows in test I are high as a result of the cracked carbon element,
Average radial wear on the carbon elements following test I was 0,0178
mm (0.0007 in.) on the forward seal and 0.0102 mm (0. 0004 in.) on the
aft scal. The cracked forward seal was replaced.
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2.314 0910 ;.
' s ™ (oo™
1
§
86.7410
" 854870 mm die
SIDE 2 ___::;: s...)
t 3
+0lL
1828 . i Je7  THERMOCOUPLE !
.26 om (2
( 2.8830 i“.) £ AN % 0.305 on
2.3825 j
1. GARTER SPRING AMS 5698
3.1 N LOAD (0.7 1)
2. ANTIROTATION PIN AMS 5610
3. CARBON SEGMENT HIGH-TEMPERATURE CARBON
4. RUNNER AMS 6382 FLAME SPRAYED
WITH LCIC CHROME CARBIDE
5. WAVE SPRING AMS 5542
169 N LOAD (3.8 Ib)
6. SPACER AMS 5610
7. SEAL CASE AMS 561
Figure 11, Circumferential Segmented Seal.
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TABLE vi. CIRCUMFERENTIAL SEGMENTED SEAL TEST DATA
L ]
Air Cavity Seal
peed Pressure Pressure Airflow (Two Seals) _Temp-rature
Test Run  (m/s) (ft/sec) (N/cm?) (psia) (N/cm?) (peia) (kg/s) {scfm) {(1b/ sec) {K) (*F}
1 1 61 200 34.3 49.7 17.0 24,7 .006 10 .013 378 220
2 91 300 34.3 49.7 17.0 24.7 . 006 i .014 405 270
2 61 200 55 79.7 19.8 28.7 . 009 16 . 020 399 260
4 91 300 55 79.7 19.8 28.7 .009 15 .01y 407 2715
5 61 200 79.1 114.7 22.6 32,7 .013 22.5 .029 433 320
6 91 300 79.1 114.7 24,6 35,7 .013 22 .028 455 360
)19 7 61 200 34,3 49.7 12.5 18,2 .002 3.4 .004 352 175
8 91 300 34,3 49.7 12.5 18.2 .002 3.3 .004 389 240
9 122 400 34.3 49.7 12.9 18.7 .002 3.2 .004 407 275
10 61 200 55 79.7 12.9 18,7 .003 5.9 .008 383 230
11 91 300 55 19.7 12.9 18,7 .003 5.9 .008 408 285
12 122 400 55 79.7 13.6 19.7 .003 5.6 ,L07 425 305
13 61 200 79.1 114.7 28.8 41.7 435 60 .07 405 270
> 14 91 300 79.1 114.7 34,3 49,7 .034 58 074 410 280
- 15 122 400 79.1 114.7 34.3 49.7 .033 57 L0738 425 30%
m 16 61 200 34,3 49.7 11.9 17.2 .003 4.8 .006 3718 220
17 91 300 34,3 49,7 12.2 17.7 .003 4.4 .006 383 230
18 122 400 34.3 49.7 12.5 18.2 .003 4.5 .C06 410 280
19 61 200 55 79.7 13,2 19.2 .004 7.5 .010 383 230
20 91 300 55 79.7 13,6 19,7 .004 7.3 .009 415 285
21 122 400 55 79.7 14,3 20.7 .004 7.5 .Cl10 433 320
22 61 200 79.1 1147 13.9 20,2 .006 10.2 .013 422 300
23 91 300 .1 114.7 15,0 21.7 ,006 10. 5§ .013 472 390
24 122 400 79.1 114.7 15.6 22.7 .006 10,7 .014 483 410
25 61 200 34.3 49.7 12.9 18.7 .003 5.0 .006 385 230
26 91 300 34,3 49.7 13.2 19.2 .ou3 4.7 . 006 399 260
27 122 400 34,3 49.7 13.2 19,2 .003 5.0 . 006 415 285
. 28 152 500 34,3 49.7 13.6 19,7 ,003 4.8 .006 433 320
29 61 200 55 79.7 13,2 19.2 .004 7.5 .310 399 260
30 91 300 55 79.7 13.6 19.7 .004 7.4 . 009 416 290
31 122 400 55 79.7 14.3 20.7 .004 7.3 .009 427 3lo
! . 32 152 500 55 9.7 14.6 21,2 . 004 7.3 .009 444 340
33 61 200 16,3 110.7 13.9 20,2 .0G5 3.3 .011 428 315
34 91 300 76.3 110 7 14.6 21.2 .006 9,7 .012 433 320
35 122 400 77.0 111.7 15.3 22,2 .006 9.8 .use 444 340
36 152 500 77.17 112.7 16,0 23.2 .006 1.0 .0:3 480 405
v 37 61 200 34,3 49.7 12,2 17,7 .u2 3 . 004 - -
38 122 400 34,3 49.7 12.9 18,7 .002 3.2 . 004 - -
39 152 500 34,3 49,7 12,9 18,7 002 3.1 .004 - -
= 410 183 600 34,3 49.7 13,6 19,7 .002 3.4 . 004 - -
41 152 500 55 79.7 13.9 20.2 .003 5.4 .07 - -
42 183 600 55 79.7 14.3 20.7 . 003 4.7 ,006 - -
43 122 400 79.1 114.7 17.4 25.2 .008 14.5 L0118 - -
44 152 500 79.1 114.7 19.8 28,7 009 156.0 .0¢en - -
45 183 600 79.1 114,7 19.8 28,7 .008 14.0 .018 - -
v 46 122 400 55 9.7 16,3 23.7 .05 3.4 .01 - -
47 152 500 55 79.7 17.0 24.7 .005 9 .ol - -
48 183 600 55 79.7 17.4 25.2 .005 8.4 011 . -
49 213 700 55 79.7 18.4 26.7 .004 7.7 .010 - -
50 122 400 79.1 114.7 24.6 35,7 012 21,5 .027 - -
51 152 500 79.1 114,7 22.6 32.7 ol 1 ,024 . -
! 52 183 600 79.1 114.7 24.0 35,7 .012 26 .02 - -
- 53 213 700 79.1 114,7 25.3 36,7 .01l 18,5 .OZ: - -
54 152 500 103 149.7 46 66.7 .03 52.5 L OLY - -
55 183 600 103 149.7° 36,3 52,7 . 020 35 L 045 - -
56 213 700 103 149.7 39.7 57.7 - - - - -
57 183 600 55 79.7 32.2 46,7 .017 30 . 038 - -
58 152 500 L1 79.7 33,5 48,7 .02V 35 L0438 - -
59 122 400 55 79.7 35.6 51,7 . 028 43 R - -
60 91 300 5% 79.7 3N 53,17 . 024 48 .Of)\ - -
61 61 200 55 79.7 31.7 54,7 .029 50. 5 W0t - -
62 61 200 34,3 49.7 7.4 39.7 .019 32,5 041 - -
63 91 300 34,3 49.7 27.4 39.7 .016 28.5 . 03¢ - -
64 1227 400 34.3 49.7 26,7 38,7 .014 24 031 - -
65 152 500 4.3 49,7 25.3 36.7 .012 21 . 027 - -
13 183 600 34,3 49.7 24.6 35,7 .010 16,5 .021 - -
v 67 213 700 34,3 49.7 20.5 29.7 .006 10,2 .01? - -
 —
=
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Test II. - During run 13 of test II (see Table VI), airflow was
noted to increase drastically. The test was aborted, and disassembly
revealed that an air leak had developed in the bearing package scavenge
line. The leak was repaired, and a static check was made with dummy
seals to ensure that no airflow entered the bearing cavity other than
through the shaft seals.

Test III. - Test III data were consistent, and they were represent-
ative of circumferential segmented seals that are not worn out, Test III
cata for airflow through the seals versus the pressure differential be-
tween the air and oil sides for various speeds are shown in Figure 14.
It can be seen that speed does not affect the amount of airflow. Carbon
temperature versus pressure differential is shown in Figure 15,

Average radial carbon wear of 0.005 mm (0. 0002 in.) on both the
forward and aft seal was measured for test III.

Test IV. - Prior to test IV, the temperature instrumentation on
the aft seal was damaged, and new instrumentation was installed. Static
checks revealed that reinstrumentation caused the seal to hang up and
allow large airflows, so the aft instrumented seal was replaced by a new
seal that was not instrumented.

During run 43 of test IV, the airflow increased sharply. Upon
disassembly, the new aft seal was found to have worn out to 0.17 mm
(0.0067 in.) average radial wear, and it had worn a 0,025 mm (0.001
in,) groove in the runner. The forward seal average radial wear was
0.018 mm (0.0007 in.) in test IV, For further testing, the aft and for-
ward seals were shimmed so as to run on an unworn portion of the
runner,

Test V. - The objective of test V was to wear out the forward seal
and obtain an airflow plot for both seals operating as labyrinths.

Measurements following test V revealed that the forward seal had
worn 0.150 mm (0.0059 in.) during test V and had a total average radial
wear of 0,170 mm (0.0069 in.). In test V the forward seal wore a
0.051 mm (0.002 in.) groove in the runner.

The aft seal wore an additional 0,06 mm (0,0023 in.) and again
wore a 0.025 mm (0. 001 in,) groove in the runner.
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Figure 14, Aiiflow Through Two Circumferential Segmented Seals
Versus Pressure Differential Between Air Side and Oil
Side, Test III,
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Figure 15. Circumferential Segmented Seal Temperatur'e Versus Pres-
sure Differential Between Air Side and Oil Side, Test IIi.
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Airflow versus pressure differential for test V is shown in
Figure 16. The curves showing the least pressure differential reflect
the two worn out seals as the airflow was apeed sensitive, As the run-
ner grows with speed, the airflow decreases. The upper points reflect
data taken early in the test before the forward seal wore out.

The following traces were taken atter each test:
1. Casing axial flatness, roughnese. and waviness
2. Runner roughness, waviness, and roundness
Inspeccion results of runner roundnass, roughness, and waviness

are listed in Table VII. Casing flatness, roughness, and waviness did
not change significantly during the test program. Typical vilues were:

Casing flatness 50.8 um (0.002 in.)
Casing roughness 0. 304 um {12 uin, AA)
Casing waviness 5.08 uym (0. 0062 in.)

A chart showing the condition of the forward runner after test V
is presented in Figure 17. Runner runout was measured at asserbly
and was found to be 0.015 mun (0.0006 in,) on the forward runner and
0.038 mm (0.0015 in.) on the aft runnes.

'Total oil flow to the bearing compartment was varied wich speed
as follows:

Shaft Speed Qil Flow
m/s ft/sec kg/hr lb/hr
61 200 48 105
91 300 75 166
122 400 95 210
152 500 115 254
183 A00 142 314
213 700 170 374

The bearing was fed by four 0. 81 mm (0.032 in.) jets and each
seal runner was cooled by one 0.81 mm (0.032 in,) jet. Oil-in temper-
ature was 366 K (2009F). MIL-L-23699 oil was used.
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: TABLE VviL. CIRCUMF ERENTIAL SEGMENTED SEAL INSPECTION DATA

After Test
MNew Y v A
Fwd Runner -
Roundness {um} 2.54 2.54 2.54 2.54 2. 54 50.8
(in.) . 0001 . 0001 . 0001 . 0001 . 0001 .002
Roughness um) . 381 .15 15 18 51
win. AA) 16 15 6 6 7 20
Waviness L m) 2.54 2.54 2.54 13 .18 50.8
in.) . 0001 . 0001 . 0001 . 00005 . 00007 . 002
Aft Runner
Roundness um) 1.27 1.01 5,08 5. 81 3,04
(in.) 00005 , 00004 . €002 .00015 .0012
Roughness m) 36 .30 .15 08 .4l
(uine AA) 14 12 6 3 16
Waviness L m) 2.54 2.54 .51 15 24.2
0001 . 0001 .00v02 00006 , 00095

(in.) .
//____———

|

wWora Ares
After Test v

Figure 17. Forward Cir
Trace of Contact Area
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Runs 1-15 were of 30 minutes auration each. All succeeding runs
were of 15 minutes duration,

Conventional Face Seal

Design

The conventional face seal design is shown in Figure 18, 3Seal
materials and critical dimensions are listed. The primary ring(carbon)
is pressure Lalanced with an area ratio of 0.645. Pressure balancing
is also applied to the secondary carbon piston ring seal both axially
and radially. A chronium carbide flame spray is applied to the seal
seat. The seal was assembled with a 3.02 N (6.8 1b) spring force,
which results in an interface pressure of 67 N/cm¢ (9.7 psi).

Test Results

Five tests were conducted,each test covering a range of speeds
and air pressures at ambient temperatures. Test conditions and re-
sulting airflows, bearing cavity, pressures, and seal temperatures
are listed in Table VIII. Each run was of 15 minutes duration. Seal
temperature was measured at the location shown in Figure 18. Only
the aft seal was temperature instrumented.

Airflow through two seals versus the pressure differential be-
tween the air side and oil side is shown in Figure 19. Airflow values
varied from test to test, particularly at the higher pressures. Within
each test, airflow decrcased with increasing speed at any external air
pressure setting.

Face seal cavbon nose wear was minimal throughout the test pro-
gram: 0.005! .mnm (0, 0002 in.) on the forward seal and 0.0102Z mm
(0.0004 in.) on the aft seal, Tlais wear and the fact that the tempera-
ture did not exceed 372 K (210°F) indicate the seals were operating on
an air film.

The following traces were taken after each test:

l. Primary ring (carbon) flatness, roughness, and waviness

2. Seat flatness, roughness, and waviness
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| L 1%.00 o (.752 in.
= 1T 18.999 748

0
. }T“—‘l\ oiL
AIR 3 | JET
SIDE \ i
l \ t 80.060 . o
78.257 . dio ) s, 9
B e UPLE \-1 TRy B (3.152 .
T 3.148 in.
3.081 in.) € 3 (2.952 a...) '
3.080 2.948
1. SEAL CASE AMS 5610
2. SEAT AMS 6382 FLAME SPRAYED
WITH LCIC CHROME CARBIDE
COATING
3. PRIMARY RING HIGH. TEMPERATURE CARBON
4. WAVE SPRING AMS 5542
5. SECONDARY SEAL HIGH-TEMPERATURE CARBON
6. GARTER SPRING AMS 5698
2.21 N LOAD (.5 Ib)
7. ANTIROTATION PIN AMS 5610
8. WAVE SPRING AMS 5542
TOTAL WAVE SPRING LOAD
311 N (71b)

Figure 18. Conventional Face Seal
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TABLE VIII. CONVENTIONAL FACE SEAL TEST DATA
Air Caviuty Seal
_Speed Pressure Pressure Airfiow {1wo Seals) Temperature
Test Run  (m/s)it/scc) (N/em?) (psia) (N/eml) (pswa)  (hgle) Tsctm) Mb/secy (K °F
1 i (33 214 34.3 49.7 12.2 17.7 .00} 2. .003 322 120
2 126 414 35 50.7 12.5 18.2 .001 23 .003 358 185
3 162 532 34.3 49.7 12.5 18.2 .001 2.3 .003 303 195
4 L3} 214 5% 79.7 15.7 22,7 . 004 7 .009 330 135
H a7 318 58 79,7 18 217 .ong et Lone 7 15
' 6 65 214 17.17 112.7 18.8 27.2 . 009 15.0 LUt 350 170
7 97 318 kxd 11,7 19.5 28,2 .008 13.0 LUET 357 180
i 8 3] 200 34.3 49.7 11.9 17.2 .001 1.7 . 002 244 160
9 9] 3oo 34.2 49.7 11.9 17.2 .001 1.7 .0N02 357 180
19 122 400 34.3 497 12.2 17.7 .001 1.7 .002 372 210
1 152 00 34.3 49.7 12.2 17.7 - - - 366 200
12 61 200 55 79.7 12,5 18.2 .002 4.3 . 005 k1Y 110
13 9] 300 55 797 12.5 18 2 .002 3.7 .05 339 150
14 122 400 55 79.7 12.9 18,7 .002 3.8 .004 350 170
; 15 '52 500 55 79.7 2.9 8.7 .002 3.3 .004 361 190
i 16 [ 200 79.1 114.7 16.1 23.2 .006 11 L01d 350 170
. 17 91 300 79,1 1147 16,3 23,7 .006 10 L0131 3so 170
! 18 122 400 79.1 14,7 16.3 23,7 . 005 9 .01 357 180
i 10 152 500 79.1 114.7 16,13 23.2 .005 8 LY 363 195
't 20 (3} 200 103 1497 19.4 28.2 .0l0 I8 .023 3Lz 175
H 21 91 300 103 149.7 .8 28.7 , 009 15 019 358 18%
22 122 400 103 149.7 19.4 28,2 .008 14 .N18 366 200
| 23 152 500 103 149.7 18.8 27.2 .007 12.5 01 372 210
m 24 91 300 79.1 114.7 17.7 5.7 .007 12.5 L0l 350 170
25 122 400 751 114.7 18.1 26. ¢ .007 12 P 36) 195
26 i52 500 79.1 14,7 17 24,7 .006 10 .013 394 250
27 9N 300 io3 149.7 21.5 31.2 .01l .9 .024 383 230
28 122 400 103 149.7 21.8 3.7 010 17.5 L0622 350 170
49 152 500 103 149.7 20.6 29.7 LUK 14.5 LUIR 366 200
30 91 300 123.9 1797 23.9 34,7 L0134 24 LUt 352 175
3 122 400 123.9 179,17 25.3 36.7 0L 23 .22 33 140
32 152 s00 123.9 179.7  23.9 34.7 U 19 <324 344 160
33 91 300 148.2 214.7 28.8 41.7 .07 30 LR 347 165
i 34 122 400 148.2 2147 27.4 39,7 015 26 PR 330 135
35 152 500 148.2 214.7 30.8 44.7 01" 2a L3 310 15%
! 36 122 400 148.2 2i4.7 3l.6 45.7 010 32.5 31 333 140
H 37 91 300 148.2 zi4.7 3v.2 43.7 018 31.5 L E A 306 9
38 61 200 148.2 214.7 30.2 43.7 019 33.5 L0433 303 8s
39 61 200 123.9 179.7 26.7 3.7 L0160 27 L0314 30¢ 90
40 9t 3oo 123.9 179.7 27. 4 9.7 .05 27.59 RS 312 100
41 122 400 1239 179.7 26.7 38.7 L0143 24.5 L05 322 120
42 152 500 123.9 179.7 27.4 7.7 L2 21.5 L6027 333 140
v 43 91 300 7.7 112.7  19.5  28.2 008 14.5 Lotd . -
44 122 400 79.1 114.7 19.8 28,7 .008 14 LU01Y -
45 152 $00 79.1 114.7 19.8 28.7 .008 13 L7 - -
46 183 600 79.1 114,7 19.8 28.7 .008 H LOTT - -
47 91 300 103 149.7 23.7 34.7 L0033 23 L0294 - -
48 122 400 103 149, 7 23.7 34,7 N1 E 21 027 - -
49 152 500 103 149.7 23.7 34,7 .01) 19 024 . -
50 183 600 103 149, 7 23.7 34,7 .010 17 022 - -
Sl 91 3oc i23.9 19,7 28.1 40.7 LR 30.5 L0 - -
52 122 400 123,9 179.7 28.1 40,7 LT 30 LU3R - .
53 152 500 123.9  179.7 28.1 40.7 NGRS 26,5 RURR - .
4 183 600 123.9 179.7 28.1 40.7 014 23,5 00 . -
55 91 300 148,2 214.7 34,3 49,7 02 3. . 050 - -
56 122 400 148.2  214.7 33,0 48.7 L021 35.5 FRLE ) - -
LY 152 500 148.2 214.7 32.9 47.7 Bl 33 L0442 - -
58 183 600 148.2 214.7 32.2 46,7 itk 29.5 LAAR . .
v 59 122 400 77 111.7 17,7 25,7 .007 12 LULR - .
60 152 500 79.1 114, 7 18.4 26.7 . 007 12 L0085 - -
s 3} 183 600 79.1 114,7 17.7 25.7 L N6A 9.5 _niz2 . -
2 62 213 700 79.1 114.7 19,8  28.7 .00¢ 10.5 L1 - N
€3 122 400 103 149. 7 23.9 4.7 sul2 21,5 027 - -
64 152 500 163 149.7 23,2 33,7 Lote 18 L0213 - -
b5 183 600 103 149, 7 21,2 30.7 .008 14 LOIR -
66 213 700 103 149.7 23.9 4.7 010 16,5 L0 - -
67 122 400 123.9 179.7 31.6 45,7 LN20 34.5 L0433 - -
68 152 500 123.9 179.7 3l.6 45,7 017 30 .03% - -
69 183 600 123.9 179.7 28.8 41.? 013 26 L 033 - -
70 213 700 123.9 1797 29.5 42.7 014 24 L0131 - -
71 122 400 148.2 214.7 36.4 52.7 . 028 43 L0ns - .
72 152 500 148.2 214.7 5 50.7 L0213 39 L0350 . -
73 183 600 148.2 214.7 34,3 49,7 021 35.5 L 04~ - -
74 213 700 148.2 214,7 30.8 44.7 .0l 27,5 L0138 - -
= — s
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{ Figure 19. Airflow Through Two Conventional Face Seals Versus
‘ Pressure Differential Between Air Side and Oil Side.
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Surface texture measurements before and after the test program
are shown in Table IX.

Seal components after testing are shown in Figure 20. Total oil
flow to the bearing compartmexut was varied with speed as follows:

Shaft Speed 0Oil Flow
m/s ft/sec kg/hr lb/hr
61 200 45 100
91 300 68 150
122 400 89 195
152 500 114 250
183 600 136 300
213 700 161 355

The bearing v'a. fed by four 0.81 mm (0.032 in.) jets, and each
seal face plate was cooled by one 0. 81 mm (0.032 in.) jet. Oil-in tem-
perature was 366 K (200°F). MIL-L-23699 oil was used.

Traces of component surface texture following testing are shown
in Figures 21 and 22.

Labyrinth Seal

An analytical evaluation was made of a labyrinth seal that could
be compared with the experimental results of the conventional and self-
acting seals. Labyrinth geometry was chosen that would fit into the
envelope of the test seals. The labyrinth seal is shown in Figure 23.

The method used to calculate airflow is that of Reference 11. The
bearing cavity pressure versus airflow relationship, which is known
from the experimental program, is presented in Figure 24. This re-
lationship is used in the leakage analysis. The airflow through two
labyrinth seals versus pressure differential from the air side to the oil
side is shown in Figure 25. Airflow through two seals is used for ease
of comparison with airflow from the test rig programs, in which two
seals were incorporated flanking the bearing cavity to simulate an
engine installation. Airflow is calculated for several different diame-
tral operating gaps at294 K (70 °F) air temperature.
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TABLE IX. CONVENTIONAL FACE SEAL SURFACE TEXTURE MEASUREMENTS

New After Test
Fwd Carbon
Flatness (ur) . 381 2.54
{in.) .000015 . 0001
Roughness {4y m) . 381 . 280
 in. AA) 15 11
Waviness umj) - 1.02
(in.) - . 00004
Aft Carbon
Flatness 4 m) 2.54 7.62
(in.) . 0001 .0003
Roughness {4 m) . 381 . 127
fuin. AA) 15 5
Waviness um) 2.28 .51
(in.) . 00009 . 00002
Fwd Seat
Flatness (um) .254 1.52
(in.) . 00001 . 00006
Roughness {4 m) . 051 . 280
L in. AA) 2 11
Waviness {um) . 254 1.78
(in.) . 00001 . 00007
Aft Seat
Flatness (um) 1.78 1. 27
(in.) . 00007 . 00005
Roughness (4 m) . 025 . 203
win. AA) 1 8
Waviness (um) . 254 1.02
(in.) . 00001 . 00004
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Figure 21. Conventional Face Seal Seat Trace of Roughness and
' Waviness After Test.
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Figure 23, Labyrinth Geometry.
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Figure 24. Bearing Cavity Pressure Versus Airflow.
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Self- Acting Face Seal

Desgign

The self-acting face seal used in the test program is shown in
Figure 26. It is similar to a conventional face s:al with the addition
of the self-acting geometry for lift augmentation.

The primary sealing interface consists of the rotating face plate,
which is keyed to the shaft, and the nonrotating primary ring
assembly, which is free to move in an axial direction, thus accommo-
dating axial motions due to thermal expansion., Axial springs provide
the mechanical force that maintains contact between the seat
andprimary ringat shutdown. Initially the seal incorporated 16 springs
producing an axial lc.a of 58 N (13 1b). The secondary seal is a carbon
piston ring, which is subjected only to the axial motion of the carrier

assemktly.

Great care is taken to ensure flatness of the sealing surfaces.
Thn seat is keyed to the shaft spacer and 1s axially clamped by
a machined bellows which minimizes distortion of the seat since
the major part of the clamping force goes through the :haft spacers.
The bellows also acts as a static seal hetween the seat and the
shaft spacer. Cooling oil is passed through the seat to reduce
thermal gradients, ard the oil dam disc also serves as a heat shield.
Windbacks are used to prevent contaminants from approaching the
sealing surfaces.

In operation, the sealing faces are separated siightly, ir the
order of 0.00508 mm (0.0002 in.), by action of the self-acting lift
geometry. This positive separation results from the balance of seal
forces and the gas film stiffness of the self~acting géometry. The
primary ring carbon face with the lift pads is shown in Figure 27,

To determine film thickness and air leakage in a self-acting face
seal, the axial forces acting on the primary ring assembly must
be determined for each operating condition. These forces comprise
the self-acting lift force, the spring force, and the pneumatic forces
due to the sealed pressure. KEssentially the analysis requires finding
the film tnickness for which the opening forces balance the closing
forces. When this equilibrium film thicknesc is known, the leakage
rate can be calculated, Refereices 3 through 9 detail the design
procedure.
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Test Results

Testing of the self-acting face seal was accomplished in three
phases. First, evaluation tests were conducted zt ambient tempera-
ture over a range of spceds and air pressures. During the evaluation
testing and initial endurance testing, failure modes were uncovered.
A second series of tests was conducted at elevated temperatures to
investigate seal failares. Finally, 150 hours of endurance operation
were accomplished.

Initially, seven evaluation tests were conducted, each test
covering a range of speeds and air pressures. Operating conditions
for the first three tests are documented in Table X. It was found that
there were air leaks into the rig during the first three tests, and
therefore the seal air leakages recorded were erroneous. Inspection
following test I revealed no measurable wear of the carbon ring
nor of the rotating seat., The carbon ring of both seals
wore approximately 0.0025 mm (0.0001 in.) during test II. During
test III, the aft seal wore an additional 0. 0050 mm (0.0002 in.) while
the forward carbon remained the same. The seal spring force had
been set at 58 N (13 1b). In view of the wear that occurred, the spring
force was reset at 42 N (9. 5 1b) by reducing the number of coil springs. .

Rig air leakage was corrected and four more tests were con-
ducted. Test conditions ard resulting airflows, bearing cavity pres-
sures, and seal temperatures are listed in Table XI. Only the aft
seal was temperature instrumented with a thermocouplz implanted
close to the sealing nose (Figure 26). Each run of tests I to VI was
15 minutes. Test VII points were held for 5 minutes.

Neither the forward nor the aft carbon ring or seat wore
during tests IV and V., During test VI, at each pressure setting as
the speed was increased above 203 m/s (660 ft/sec), it was noted 'hat
the aft seal temperature rose rapidly indicating that the carbon was
contacting the runner. After the test it was found that the aft seal lift
pads were almost wora out, The forward seal had not worn, The
seal carbon rings and seats are shown in Figure 28,

A new aft seal was used for test VII.
Data taken during tests IV to VII were consistent for each test;
however, there was some scatter from test to test. Airflow and seal

temperature data for test V, which was typical, are shown in Figures
29 and 30.
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TABLE X. SELF-ACTING FACE SEAL TEST DATA (TESTS I - IlT)
l Speed Air Pressure Time
: Test Run (m/s) (ft/ sec) (N./cmﬁz) (;sia) {min)
1 1 91 300 34,3 49,7 15
2 122 400 34.3 49.7 15
3 91 300 55.0 79.7 15
4 122 400 55.0 79.7 15
5 91 300 79.1 114.7 15
) 122 400 79 1 114, 7 15
7 91 300 34,3 49,7 15
8 122 400 34.3 49,7 15
9 91 300 55.0 79.7 15
10 122 400 55.0 79.7 15
11 91 300 7.7 112.7 15
12 122 400 73.5 106, 7 15
I 13 91 300 34.3 49.7 15
14 122 400 34,3 49,7 15
15 152 500 34,3 49,7 15
16 91 300 51,6 74,7 15
17 122 400 54,2 78.7 15
i8 152 500 55,0 79.7 15
19 91 300 78.3 113.7 15
: 20 122 400 79.1 114.7 15
: 29 152 500 79.1 114, 7 15
«2 91 300 103,0 149.7 15
23 122 400 103, 0 149,7 15
24 152 500 103,0 149,7 15
I 25 9i 300 34.3 49,7 15
26 122 400 34.3 49,7 15
27 152 500 34,3 49.7 15
28 91 300 55,0 79.7 15
29 122 400 55.0 79.7 15
30 152 500 55,0 79.7 15
31 91 300 103.0 149.7 15
32 122 400 103.0 149.7 15
: 33 152 500 103.0 149,.7 15
-
50
' |
|
‘ .
- s i MM‘ * M I o -

- I -
- . . p———— R Ywor.
PP E Al e TRl b Al el v




162 ozy 9v0" L3 1 L010° L9 L'ge L9102 2°'8%1 099 €02 98
oL <oy £€510° o' 6900 ° 2°92 L'z 9% 009 11 1) S8
(144 €6¢ 2°s2 L°vie 2801 00§ 51 e -
922 60% 6L10° 0¥l 1800 ° L°62 9°02 L°6L1 6°c21 099 £02 €8
092 1] 4 0t10° 2ot 6500° L°s2 L' L°6L1 6°¢2 009 et k4]
€2 ¥eg 0800 * £°9 9€£00° L'ez L°st L1621 6°¢21 005 51 18
0L 1144 1z10° §°6 ¥$00° L°s Lo L°6¥1 0°¢0t 099 €02 08
we £6¢ 9600° L°L *¥00° L°€2 €°91 L°6¥1 0°'tot 009 €91 6L
912 9ie 1L00° 9°S 2€00° T 9 L°8%1 0°to 00$ 50 8L
[ T%] Sov ¥200° 6'1 1100° L8 62t L6y (341 099 €02 L
52 L6¢ Lioo” €1 8000° 2L 6°11 L 6y € e 009 €81 9L
612 Lit v100° LR 9000° 6°91 9t L6y [ 3843 005 61 st

- - £100°> 1> 9000 > L9t st L°6¥ €°re 0ot 16 [ 7] oA
10€ [$4] 0800 * £9 9£00° L'z 0°st L 6Lt 6°¢2r 009 €81 €L
§92 Coy 2900° 6y 8200° L°6Y 7€l Lo6Ll 6°¢c21 00§ kA k43
0?2 68¢ 1900° o'y £200° L°81 62 L6LtY 6°€21 0ot (£33 1
982 Sty ¥900° 0°s 6200° 2°02 6°¢1 I 4] 0°fol 00" €8t oL
[1%7 26¢ $500° €y 9200 ° L6y PR L6yl 0°¢0l 00% :sl 69
802 1133 oo’ L'c 1200° Iag:11 6°21 L°6%1 0°cot (1] w2 89
L62 0y 6200 £°2 £100° L8l 6°21 L'6L 0°5$ 00, €81 L9
[JX S0V *200° 6°1 oo’ I e L6l 0°§s Q0s kA 99
144 26¢€ 8109° LR R000° L 6°1t L°6L 0°$$ 00y wr $9
oLz SOV 2200° Ly 0100° L°81 6°2 L6y €°re 009 €91 ¥9
1€2 431 *100° et 9000 " 27 6°11 L6 1 3447 005 61 £9
861 $9¢ f1o0°> 1> 9000 *> L*91 s L 6v [ 49 ({14 kx4) 29 IA
£92 20% w0’ 0'8 900"’ I 14 €°91 L6t 6°¢cet 009 €81 19
9€2 98¢ 6L00° 2°9 900" L0z € L°6LY 6°¢l 005 51 09
(4% €L 0L00”’ $°s o0 2761 et L6t 6°€t (114 221 65
961 ¥9¢ 0500 " 6°¢ £200° 2°81 34 L7621 6'€21 00¢ 16 8s
092 00y S800° L9 6£00° L2 0°st L°6r1 0°¢c0t 009 €81 12
182 (2 14 00" 0°'s 6200° L761 9°¢t L°6¥1 0°tot 00s xHKt 95
E3kd (733 9¥00 ° 9°¢C 1200° L zTen L 6vt 0°t01 ooV 2N S5
981 65¢ 8Lo0 0°c Lioo” 2°L 611 Lo6¥1 0°€01 Qof 16 1 4]
€S2 96¢ €conu” 9°2 5100° L9y 6°2 L6 0°5% 009 €81 1
922 19¢ Lzou” 1°2 Z2100° 2°Ll 6°11 L'6L 0°s§ 00s %1 k11
002 99¢€ 6100° $°1 6000 ° L°9t §°11 L6l 0°%S uoy 2 1s
991 (144 Loo €°1 8000 ° 2°91L ' L6l 0SS 00¢ 16 Qs
92 26¢ yzoc © 6°1 100’ L 2 L6¥ [ 31 4] 009 €8t (14
012 e £100°> > 1000 °> 291 (aal L6y L 4% 00 st 14
LA 25¢€ €100°> 1> 9000 °» 2°91 2t L6 € e [:1:14 N LY
ov1 1311 100> 1> 000 "> L8 8°0t L6y €°re oot 16 " A
02 (41 1500 * o'y €200° L8t F71 L 6% 0°to0t Q0% %51 $14
1 96¢ 000" 1'e 8100° Lot KA L°6¥1 0°¢0t L1214 N 144
€22 08¢ £€00° 9°2 $100° M (A L 6¥1 0°co1l 00t 16 144
92 0¥ LL00° 6°'2 1o00° 2°81 s 21 L'yl 1°6L 005 et k44
e (119 L2006 ° €°2 €100’ 6°91 9°tt Lvnl 1°6L Loy 221 w
N L8 ¥200° 61 1100° L9t st Lyt 1°6L 00t 16 ob
96T 86¢ 72?700° 02 2100 ° 2L 6°11 L6 0°§$ 00$ 2s1 [ 3
y2e oss 6100° $°t 6000 ° L9 §° 1 L°6L 0°Ss ooy (141 8¢
(1] °%C cion” 2t $000° 2°61 S ot L8 | 4] 00t 16 £
1244 (114 €100 01 9000° L°91 §°ul 114 tre 00$ 251 9¢
e €Lt ¢ £100°~ 1> 09000 °> °51 $°o1 L6y €°re (111 2 (14
(41 L9¢ t100°> 1> 92000 °~ 2°st $ ot L6y €°ve Q¢ 16 e Al
{1.) 1) (208 /qQ) (wpos) (s /9%) (w10d) (pwd/N)  (wisd)  (Lwa/N) (2s/3) (5/w) uny [TEXS
“samwasdwie] (#{%8G OML] MOUITY EYGLITEP 3i0880d peads

|vag Aitawed 3y

(IIA - AISLL3L) YIVQ 1SIL TVIAS FOVL ONILOV-4T3S °

iR

Indvi

[l ]

51

.

REPRODUCIBILITY OF THE ORIGINAL PAGE IS

R e o ems———— e .|

%

POOR,

'

Ty
!

|

| At vt Sk e o |

e

L

i

s o em—

TR o



Figure 28, Forward (Top) and Aft (Bottom) Self-Acting Seal Components
After Test VI,
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Differential at Various Speeds (Test V).
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Following each test a visual and analytical inspection was
performed on the primary ring (carbon) and the seat. Seats were
traced for roughness and waviness., Flatness of the assembled
seats clamped in place on the shaft was measured to be 0, 0013 mm
(0. 000050 in, ) on the forward seat and 0,0019 mm (0. 000075 in., )
on the aft seat. The forward seat roughness was 0, 1016 mm (4 AA)
and waviness was 0,254 mm (0, 00001 in, ) throughout the six tests.
The aft seat roughness was 0,0762 mm (3 & , through test V and
increased to 0.2794 nam (11 AA) during tes. VI. Waviness was
0.254 mm (0, 0001 in, ) through test V and increased to 1,524 mm
(0. 0006 in, ) during test VI, The 1.524 mm (0, 0006 in. ) is actually

seat wear, i

Measurement charts showing seat surface texture before
testing and after test VI are presented in Figures 31 through 34.

The depth of the lift pads on the primary ring (carbon) was
measured by taking a proficorder trace across the face. Traces of
sealing faces of the forward and aft seals prior to testing are shown in
Figure 35. Only one pad is depicted. Traces of four of twelve pads
were taken before and after each test., The original lift pad depths
varied from 0.0153 mm (0.00065 in.) to 0.0203 mm (0. 00082 in.) on
the forward seal. The lift pads on the aft seal were originally all
0.025 mm (0.0010 in.) Traces of the lift pads after test VI are shown

in Figure 36.

Total oil flow to the bearing compartment was varied with speed
as follows:

Shaft Speed Oil Flow
m/s ft/sec kg/hr lb/hr
61 200 54 120
91 300 81 180
122 400 108 240
152 500 136 300
183 600 162 360
213 700 189 420

The bearing was fed by eight 0. 81 mm (0.032 in,) jets and each
seal face plate cooled by one 0,81 mm (0.032 in.) jet. Oil-in tempera-
ture was 366 K (200°F). MIL-1.-23699 oil was used.

rk"
3

Ao ol ok v e it el ™ L




Sor

. Ay
Nueny’
Ca s —

1 \
1V R VR VA W VO O U
_254um  } 0V} NN
LN, W A O WO O W LN I
AN N W N W . O
—\  \e-25mm (—A?,}"\:—)

Waviness
E — .
U | W O U T e
R VA Y VO " YV W VO VW W
\ o\ \ -#s4um 1 1 | y 4\
LN O . VO O W W (U IO W
LN N N WA | VA UL G Y
= ez mm Boek)

Figure 3.. Aft Self-Acting Face Seal Seat Trace of Roughness

aad Waviness Before Test,

56

.
—

- : _ .
[-IBILITY OF THE ORIGINAL PAGE 1S POOR

e
RO



/
/
I U U T [ R Y
Tt T U T J(j
A VA V2V O W W20 W e el
\ \  2.54um X \ \ ‘}oo;nn.‘ \ \ \
LN O . S W WO W W AV
-\ \#,25 mm 1_)\ -&‘_0 \1.)

Figure 32, Aft Seli-Acting Face Seal Seat Trace of Roughness
and Waviness After Test VI,

57

- . A ——— ...

,
A

T U ——

- [

L

|

REPRODUCIBILITY OF THE ORIGINAL PAGE IS POOR,

3 I
™~ a
T ey

——

p-



T AP g B 5 AP ot 44

A A Y A A A A A A A A Y |
f I I Ro&ghnelil t l I —[
| 1
| -
r—
l N i
\ .
VR VR O U L L O W
S O VA VO VO VO VO VO W Wm
|\ VRV Y V"V VO VO VU W W WA
\ (town) A .254um |\ \ | | \
\ AR L W O O O O W WA
(—-\ ?;0 ) o\ Ve—.25mm
:E. [ Wavlinenj ' { 7 ;E— (
1 1
WS VN VO YV YV VO U W
VL A VO WV Y W U W
S W W VO W W W O \
\ A\ \ (own) 1\ .254uwm | | | "\
LN W N W W A T W N
(R V51 W8 e ey
Figure 33, Forward Self-Acting Seal Seat Trace of Roughness
and Waviness Before Test.
58
| ' e TN

- REPRODUCIBILITY OF THE ORIGINAL PAGE IS POOR,

i —

i f ;
f
.j._ -~ 1

|

L

R
#34
suddt
. ¢ L
P -, . A i . * 1 N -
I n L 1 ! i




R A A Y A A I R A - A Y Y
. r J7 1 I | | EF [ [ ]
[ Roughness -
! ] =
e ~dald. . A.ILM'.. M[ A Ln. faaa A.EA.. A ol sdl laa ﬁ__
T T TSI W (TS T WO T
R N UL N . A VO T T N o
! SR WL T N U N W VO N _
N N W W VA W VN VO VD U U M
A VA VO VO VA VO W VO VO WD WA
A VO O VO " VO W W VOO WA "N
L N W WO W Y W W O O W (P
F L A O VA S O VO VO VU WO WO W \
| 25mm-, \« (..\?nxo\d
A A I I Iy N A N Y N
E Waviness _ ! l
—MM"‘—N'\__/\_/—-J -5—"_ —
!
VW S A W W W
| W VA VO VO VA W UV WO VN
! byl | O Y W VO W W
Zeum\\\\_ {romm) \ %\ |
| N O N A W N WA W N
; R Ay
Figure 34, Forward Self-Acting Seal Seat Trace of Roughness
and Waviness After Test VI,
59

‘ REPRODUC‘BNJTY QF THE ORIGINAL PAGE |5 POOR |
- T“‘Eﬁl"_ ‘ T e "““ w ) it caial " u.«.‘...s.nm.v.‘,.,."..,.., -,..,‘l__ .

e |

h v R W e e L AU R e




e e e

‘1238 8u130Yy -J19S ‘uonyeaadp aso0jag
sadeJ 3urpeag 3ury uvoqie) [e3S IV pue piemiog jo a~eil -GS 2an8ig

LR N

oV VvV /w&/mw /./.v \ /EEMN.«/ 4/. L N W N\ WA
\ \ ¥\ y . .
ilyl LR A VO WO VO WO v T O N WO ™. 2 W W W N W u,
S mE e RSLSSS e
L A S R e, N i N R | A N
I/ %..La_oarﬁjfg.na%nn& , M —
3 ey J _weq Supess _
} s | ap1S =jos | |
I S I AL A Y B
N Y AR Y R R R = W it S AU A N Y Y - o R
HL/ 010" ¢ .i/ /0.55 s2* —
U RN L W U R Y U U ¥ le/ VooV VWY VT
A W ) R W W W T R W W Voo v VYWY T
o e e e e
P i e W P v = e L W 1 VWO
/ IR ! _ -~ \|
(°91 78000 °) unug0z0 " - Yydaa peg 1
= Wi \
] 1 3 ey weg Suijveg~”_
g un (189S piemiod I‘.lo‘... e | 3PS | ] o
— I M RN 1 8

LD
.
It

v
oot

LS POOR
' .

A

Yel

P )
. e e e

e o o]

1

Py
i ———— e e | e e b B it i et 1

—

REPRODUCIBILITY OF 1 "IZK®IF IGINAL



PR

189S 8u1ldy -J19S ‘IA 31S9L 131V
seoeJ Suijeag Sury uoqae) eSS }JV PUE piemsoy JO @0elT, *9¢ @2andr g

(Aoto ) A s

61

PRI vttt St s Arran s 7 e -

VW N W W V" YO W VOO W |
B W (7 W W W W W o W | R b —
e RmnCsRaS 1
- -4 - — -4 s
R, ) P W o e o W o
-y a.nw aoeow..&ﬁﬂge.#- ﬁnofaamﬂ f Aﬁ S S S -
= PO e s i " o
T f i o
I |, TS BV | __Sw I
[ T T ] = M l [ 1 1 3 ] a
< 1.
z | |
(oo ) A fwmse  n S ]
LV VA VO VO W N W W W V" O O W \ W W w!
N W A 7% W O W W WO WO WO " O W W \ W A I
LN W W W : / J, / / | W W . 0 O 4
\ | ! \ .lr.& §2000 °) wwrury = moa uamﬂ / / m x , 1 . - AM
\ y. . N \ B
* . N1V ©,
l —,—.Um ‘—h"ko—h @- ,... m . 3
_ .
i



Immediately after test VII, without a teardown, an attempt was
made to conduct encurance testing., A tentative 5-hour cycle had been
set as follows:

Time
___Spe~d Air Pregsure Air Tomperature at Point
Foint m/s ft/sec N/cm® psia K oF hr
1 9l 3.0 34.32 3.7 .6 400 1
2 122 400 55.0 79.7 +78 400 1
3 152 500 103.0 146.7 590 600 1
4 183 600 123.9 179.7 700 800 1
3 203 660 148.2 214.7 812 1000 1

Points 1 and 2 were completed withcut incident, hut 3/4 hour
into point 3 the aft seal failed. The first indication of distress was
smoke, and then seal temperature and bearing cavity pressure rose
rapidly while rig speed ‘iecreased. The carbon lift pads had completely
worn out and the seat was found to be bu -nt and distorted. The aft
seal after the failure is shown in Figure 37. The forward seal had not
worn during the endurance run. Test results during the endurance run
are listed in Table XII.

Because two failures kad occurred on the aft seal, it was de-
cided to continue endurance testing with a conventional face seal in the
aft position. The original self-acting face seal was still in the forward
position,

Operation continued with 1/2 hour at points 1 and 2. An hour
of operation at point 3 was completed and point 4 had been set when the
forward self-act. g face seal failed. Again, failure was characterized
by a decrease in rig speed and a rapid increase in seal temperature.
Inspection revealed that the lift pads had worn out and that the seat was
burnt. Test results during the endurance run are listed in Table XIII.
Note that airflows and cavity pressures are higher because of the use
of the conventional seal in the aft position.

Inspection of the carbon nose reve- (ed a taper of 0.0508 mm
(6.0020 in.) from tha outside diameter to the inside diameter, indicat-
ing the failure was associated with thermal distortion of the seat.

The face of the seat closest to the hot air expands faster than
the face exposed to the oil side. This differential expansion tends to
rotate the inside diameter of the seat toward the carbon sealing nose,
which results in contact at the inside diameter of the sealing interrace.
This scat-carbon contact generates additional heat, which causes in-
creasing distorticn and furtaer contact, heavier at the inside diameter,
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Figure 37, Self-Acting Aft Seal Showing Condition After Failure,

REPRODUCIBILITY OF THE ORIGINAL

PAGE IS POOR, -

i

63



069 +8¢ get o6t §920° 0°0¢ 9110° L6l 9°el Lo6bl 0°¢01l 00s 281
885 2869 oed tot 2120° V61 otto”* Lol 9°¢l L6t 0°¢0l 00S 261
4% 299 8t 88t 9120° 0°Ll 8600 ° S ol bl L'év1 0°¢0l 0065 2s1
06¢ 8269 Y0¥ [4:34 8L10" 0%l L800° 681 0°¢l Lot l 0°¢ol 00¢ 251
¥ev 2ot 0lr¢€ 8¢t 8710° 0°0tl 8500 ° L8l 6°21 L 6L 069 oo¥ 221
- - 282 21t 8210° 0°ot 8500 ° Lil 2°21 L 6L € g¢ ood 221
98Y 92s 02¢ et 2¢€00° §°? ¥io0° L°91 STl L6t € ‘be 00¢ 16
98¢ oLt 89¢ sot £€00° 92 5100° L9l s It L6V 130 47 00¢ 16
(Jd.) (31) {(s.) 3) (d9s/q1)  (wyas) (s/3)  (eisd) uwodyN) (etsd) (pwd/N) (23s/uy) (s/w)
aanjeaadway sanjesradwiay (s1eas oM 1) Aoty aInssaaq Ajlae) 21NS§II] 1Y% paadg
11v 1eag piatanaoy
AvdS ONILDY-JT1dS ‘SLTINSIY NNH ADNVHIANT ANODES “IIIN JTHY L _
9¢s ¥as 09 1S oioo* 0°8 9% 00 ° L°02 ¢t Liovl 0°t0l 00¢ st
026 14 4" 1424 605 £800° $°9 8¢ 00" L°02 13 2 Lo6¥l 0°¢0TI 00S 251
)8¥ YA 82t tob 0L00° S 'S 2€00° L61 9°¢t Loevl 0°t0l 00s 2st
g1t 88t yte A4 4 £200° 8°1 o100° 6°91 9°11 L6l 0°SS (110} 221
06¢ 2.¥ ole Ley €200° g1 o100° L°91 s 1l L 6L 0°5% oov 221
9ve st 862 k44 §2no’ V4 2100° 91 S°it L°6L 0 "S5 00v 221
yYovy 6LY £ee ord 8200° 272 £100° 6°91 9°11 L 6L 0°S8S oov 221
28 4 38d tze ted ¢100° I 9000 ° L°91 FR L6b 13 4 00¢ 16
9Lt $9% 862 2% €100° 1 9000 ° L°91 s 1l L6¥ € bt oot 16
Lbe 1244 88¢ Sy €100° 1 9000 ° L°91 s°It L 6¥ € bt 00¢ 16
L0t 9% €L Lo¥ £100°> > 9000 °*> 2°91 2°11 L°6% € 'be 00¢ 16
(d.) (1) (d,) (1) (098 /q1) {wjos) (s/3%)  (e1sd) (puwd/N) (e1sd) (WD /N) (23s/3)) (s/wI)
sanjeaadwa ] sanjesadwa (s1eag om] ) mopjaty alnssalxg Aitae) 2INSsadd L1y paadg
41V 1e3g Yv
VIS ONILOV-4TIS ‘SLTNSIH LSFL IONVHNANT TVILINI °IIX ITAVL

oo J

P —

64

i

\ Mt




The final result is seal failure and the characteristic tapered wear.

To alleviate this problem, more oil flow was provided to coot
the seat. Also, the spring force was reduced from 42 N (9.5 1b) to

| 3i N (7 1b).

A gseries of seven evaluation tests was then conducted as follows:

Air Total Package Time at
Speed Air Pressure Temperature Oil Flow Point
Test m/s ft/sec N/cmé psia K oF kg/hr 1b/hr  hr
A 152 500 103.2 149.7 366 200 159 350 2.5
B 152 500 103.2 149.7 478 400 227 500 2.6
C 152 500 103.2 149.7 589 600 250 550 3.0
D 152 500 103.2 149.7 589 500 250 550 1.5
E 183 600 123.9 179.7 478 400 295 650 3.0
F 183 600 123.9° 179.7 589 500 295 650 3.0
G 183 600 123.9 179.7 645 675 295 650 2.5

These tests were conducted with a self-acting face seal in the
forward rig position and a conventional face seal in the aft postion.

During test B, airflow and cavity pressure readings were
erratic, and package oil flow was increased to 227 kg/hr (500 lb/hr).
During test C oil flow was increased again to 250 kg/hr (550 1b/hr).

For tests A and B the bearing anag
eight 0.81 mm (0.032 in.) jets, six to the bearing and one to each of
the seal runners,

seal cooling.

pacnage incorporated

Therefore, 1/8 of the total package flow was for
Pricr to test C the rig was reworked with two bearing

jets plugged and an additional jet ope¢ned to each seal runner. There-
fore, from test C on, 1/4 of the tctal package flow was directed to

the seal seat for cooling.

Test results for test G are listed in Table X.
normal shudown after the last point shown in Table XIV.
startup, bearing cavity pressure and air leakage were excessively high.

ner was bnrnt and discolored.

There was a

At the next

; Teardown revealed that the self-acting pads had worn out and the run-
The carbon face was worn on a 0.025 to

0.050 mm (0.001 to 0.002 in.) taper from the outside diameter to the
; inside diameter, again indicating that thermal distortion of the face

plate caused initial contact at the inside diameter.

Some slight carbon wear occurred after each test.

Average

wear of four pads measured following each test is listed in Table XV.
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TABLE XIV. EVALUATION TEST G RESULTS, SELF-ACTING SEAL

Speed
0Oil Flow
Air Pressure

Tmme at Each Point

183 m/s (600 ft/scc)

645 kg/hr (700 lb/hr)

123.9 N/cm? (179. 7 nsia)

15 minutes

A%

wtvaear e s

S AN SIS b o b < e

Seal Air
Cavity Pressure Airflow Temperature Temperature
{N/cm?2) {psia) (kg/s) (scfm) (1b/sec) (L) (°F) (K) (°F)
37.8 54.7 .015 26.5 .034 500 140 623 610
37.0 53.7 .014 24.5 .03] 511 460 631 675
37.8 4.7 .014 24.5 . 031 524 484 623 660
37.8 54.7 .05 26.0 .033 526 486 609 636
38. 4 55.7 .01°7 25.5 .032 522 480 -
38.4 £5.7 .015 25. 5 .032 512 162 - -
38. 4 55.7 .015 25.5 .032 513 464 - -
37.8 4.7 .015 25.5 .032 518 474 - -
38. 4 55.7 . 015 26.5 .034 527 488 - -
38.4 55.7 .015 26.5 .034 526 486 - -
TABLE XV. AVERAGE CARBON WEAR, SELF-ACTING SEAL
i —— S = —— __-1
Avg. Depth of Pockets Avg., Wear
Test ( mm) (in.) (mm) (in.)
New . 0224 . 000854 - -
A . 0192 . 000755 .0033 . 000129
B .0186 . 000731 . 0006 . 000024
C .0164 . 000644 . 0022 . 000087
D&E . 0170 . 000668 - -
F . 0157 . 000618 .0013 . 000050
66
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It was decided to continue endurance operation at reduced air
temperatures to the following schedule:

Air
Speed Air Pressure Temperature Qil Flow Time

Point m/s ft/sec N/em® psia K O9F kg/hr lb/hr  hr

1 91 300 34.3 49.7 366 200 136 300 .5

2 122 400 55.0 79.7 366 200 182 400 .5

3 152 560 103.2 149.7 478 400 250 550 LR

4 183 600 123.9 179.7 589 500 295 650 4

5 152 500 103.2 149.7 478 400 250 550 .5

6 122 400 55.0 79.9 366 200 182 400 .5

7 91 300 34.3 49.7 366 200 136 300 .5

Self-acting face seals were installed in the forward and aft
positions. Points 1 and 2-were completed, but as rig speed approached
152 m/s (500 ft/sec), a failure cf the aft seal occurred. Inspection
revealed the lift pads were completely worn out. Carbon face wear
varied from 0.051 to 0,127 mm (0.002 to (. 005 in.). The forward seal
carbon had worn approximately 0.0051 mm (0.0002 in.). Data taken
are listed in Table XVI.

A conventional face seal was installed in the aft position and
testing was contunued. As shown in Table XVT, itest points 1 through 4
had been run when cavity pressure, seal temperature, and airflow
readings started to fluctuate. The rig was disassembled and the --~1f-
acting ceal was inspected. The seal was in good condition with no
measureable wear.

e ————————————————

Testing continued with oil flow increased 45.4 kg/hr (100 lb/hr)
at each point. During test cycle point 4 the self-acting seal contacted
the face plate. This occurrence was indicated by a reduction in rig
speed and a rapid increase in seal temperature. The rig was shut
down and restarted. Readings indicated that the seal had failed and
was operating as a labyrinth. Disassembly confirmed this conclusion.
The forward lift pads were completely worn out,

The test program to this point had indicated that thermal distor-
tion of the face plate combined with dynamic effects resulted in failure
of the self-acting seals.
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} TABLE XVI. CONTINUED ENDURANCE TEST RESULTS, SELF-ACTING SEAL
:
f Test Aft Seal
H Cycle Time Cavity Pressure Airflow (Two Sea.s) Temperature
{ Point min (N/cme) (psia} (kg/s) {s<fm) (lb/sec) (K} (*F)
g 1 15 12,9 18.7  .0006 1.0 .0013 363 194
! 1 15 12.9 18.7 . 0006 1.0 .0013 363 194
2 15 13.6 19.7 .0C09 1.5 .0019 373 211
2 15 13.9 20.2 .0010 1.8 .0023 378 z20
! Aft Seal Failure
! Testing Continued With Conventional Seal in Aft Position
¢ : Fw.d Seal
’ E Temperature
§ 1 15 13.9 20.2 .0013 2.3 .0029 368 204
’ 1 15 13.9 20.2 .0013 2.2 .0028 370 205
2 15 16. 4 23.7 . 0026 4.6 . 0059 381 226
2 15 16. 4 23.7 . 0028 4.8 . 0061 382 228
3 15 23,2 33.7 .0064 11.0 .0140 409 276
3 15 23.2 33.7 L0066  11.5 .0147 424 304
4 15 30.8 44,7 L0121 21,0 .0268 472 390
4 15 35.7 51.7 L0159  27.5 . 0350 474 394
4 15 35,7 51.7 .0144 25,0 .0320 498 437
4 15 Reading Fluctuations
Teardown
1 15 14. 6 21.2 . 0013 2.4 .0031 371 208
1 15 15.0 21.7 .0016 2,7 . 0034 371 208
2 15 17.0 24.7 . 0024 4.2 . 0053 382 228
2 15 17.0 24.7 . 0026 4.5 . 0057 382 228
: 3 15 24.6 35,7 L0066 11.5 L0146 410 279
: 3 15 26.7 38.7 L0078 13.5 L0172 430 3l4
‘ 4 15 33.6 48.7 .0l16  20.0 .0254 465 378
o q 15 35,7 51.7 .0133 23,0 .0293 499 438
! 4 15 35.0 50. 7 L0133 23,0 .0293 498 436
Shut Down
3 15 37.0 53.7 L0156  27.0 .0344 455 360
3 15 41,2 59.7 .0182  31.5 . 0402 578 580
4 15 44,7 (4.7 L0231 40,0 .0510 567 560
4 15 48.8 70.7 .0231 40,0 .0510 565 558
4 1 48.8 70.7 .0231  40.0 0510 567 560
. . . 0231 . .
4 15 49.4 71.7 40.0 0510 __:567 560
68
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To further explore the operating limits of the existing seals,
150 nours of endurance operation at ambient temperature was conducted
as followa:

Speed Air Pressure Time
m/s ft/sec N/cm® psia hr_
102 234 103 149, 7 28
122 400 1c. 149, 7 22
137 450 103 149, 7 65
145 475 103 149, 7 20
145 475 124 179.7 15

Air temperature varied throughout the test but was generally
from 372 to 408 K (200 to 275°F),

Test results are listed in Tabie XVIL, Initially airflows were
somewhat higher than in the evaluation testing performed previously,

~ due probably to the lower spring force, 31 N (7 1b), After the 100-hour

teardown, however, airflow increased significantly for no apparent
reason, Teardown inspection revealed that an air leak had developed
in the scavenge line. The test seals were in excellent condition after

the 150-hour run, Seal compomnents after testing are shown in Figure
38,

The aft seal carbon nose wore an average of 0, 0044 mm
(0, 000175 in, ) after the first 50 hours. No other wear occurred on the
carbons or seats during the test.

Seal seat flatness in the assembled state was measured
tobe 1.8 pm (70 ain,), Axial runout was approximately 0. 03 mm
(0. 0012 in, ).

Oil flow to the bearing compartment was as follows:

Shaft Speed Oil Flow
m/s ft/sec kg/hr Ib/hr
102 334 182 400
122 400 182 400
137 450 205 450
145 475 205 450
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TABLE XVII. 150-HOUR ENDURANCE TEST RESULTS SELF-ACTING SEAL .
MArr Cavity Fwd Seal Aft Seal
i __tpeed _ Prissure Pressure Arrflow (Two Seals) Temp. Temp.
' ! Hoar th Te, dtlvee INTomE, (pria) (NJant (prie, (k3/e) (scfm) (b/sec) [K)  (°F) (X) (*F)
: ) 12 344 105 149.7 15,1 21.9 .00} 5.07 . 006 302 tay .0 1R 4
2 62§34 T3 4007 s 0 2107 . 003 5.17 007 367 200 i {ug
Shut Down
: 3 w2 334 103 1497 148 21,5 . 003 3. 10 LOuT 360 180 157 183
: 3 102 334 103 N7 14,7 21,3 .00 4,98 . 006 373 21 3V 8 203 :
; & 102 334 103 1407 4,0 2102 . 003 1,83 . 006 178 219 372 210 .
2 e 334 103 149,7 14,6 212 .00} 1.80 - . L0bh 178 221 373 212 :
) 3 102 144 103 140,744 0 21,2 . 003 408 . 006 380 224 375 213 :
8 102 334 13 149, 7 14,0 21.2 Qo3 4.70 . 004, R0 224 3T 21a :
“ taz 134 103 149, 7 1L 210 . 003 4.8 . 004 3R 22t 37T 218 2
Shut Duwn ’
; 10 102 344 103 140.7 14,1 200% L0013 3,03 . 006 140 168 34R 1ee §
i 1 102 134 w3 49,7 143 2007 L003 3.9 . 006 R 2ut oo 190 :
| 12 102 334 103 149, 7 14,3 20,7 .003 1. Q0 . 006 ITH 2i6 372 201 :
, 13 102 334 103 1407 14,3 20,7 .003 4. 8R . 006 iTa 222 174 214
H 13 102 334 101} 46,7 15,3 20,7 .003 5,00 . 006 T 223 73 21% !
' 15 102 334 103 1407 14,3 20,7 . 003 1. 08 . 006 37a 222 374 214 i
16 102 434 103 149,7 143 20.7 .003 4.98 . 006 TR 22 37a 213 H
17 102 333 1wy 10,7 143 2007 .003  4,u0  .GOA 380 225 370 216
Shut Noan s
: 1R 2 334 103 j30.7 14,3 20.7 .0 5.13 . 007 358 1R 35¢ 182
E ia 102 334 101 1497 14,3 20.7 5,20 .007 174 213 372 203
20 102 334 103 149,714,100 2007 L003 3. 33 . 007 375 218 371 207 .
21 Ju2 334 103 149, 7 14.%3 2007 .003 n 25 . 007 37 2t Ta 2
22 12 334 103 39,7 14,3 2007 .003 5.0% . 006 376 216 370 2 *
! 24 1n2 334 103 49,7 14,3 20.7 L003 8,04 . 00¢ 377 218 37l 208
! 24 12 343 103 149, 7 14.3 20,7 003 5.00 . 006 178 220 172 209
Shuat Dowa {
25 o 334 103 1407 14,3 20,7 L003 3.2 . 607 384 182 355 170 M
26 102 334 103 1497 1403 2007 .003 5.17 . 007 370 207 8 202 :
27 102 334 103 149, 7 9.3 20,7 0on3 3,22 . 007 377 PA R 372 210 N
28 102 334 103 j40,7 14.3  20.7 003 5. 30 . 007 379 223 3T PAR
20 122 400 103 149, 7 15,0 21.7 L0043 6025 . 008 IRA 235 382 av :
30 122 400 103 130, 7 15,0 21.7 . 004 i, 30 . 008 388 238 382 228 ’
31 122 400 103 149, 7 15.0 1.7 L04 i, 20 . 008 38R 2319 82 228 i
Shut Down H
i 32 122 400 103 149, 7 19.3  20.7 L0043 w10 . 008 354 176 350 170 '
f 13 122 300 103 1477 14.8  21.3 .004 “, 20 . 008 166 faR 364 196
i 34 122 400 103 149.7 4.8 21.5 . 004 €.32 .008 i 223 374 213
35 122 100 103 149, 7 15,0 21.7 . 004 6,42 . 0us 384 232 37 220
36 122 400 103 140, 7 15.0 21.7 ., 004 €,52 . 008 315 233 378 22)
37 122 400 103 1407 15,0  21.7 . 004 6.50 . 008 382 228 378 226
38 122 400 103 149, 7 15,0 21.7 . 004 6,52 .008 I8¢ 234 370 222
30 122 400 103 149,57 15,0 21,7 . 004 (.45 . 008 187 236 37 223
Shut Down
40 122 400 103 149, 7 4.8 21,5 . 004 6. 25 . 008 359 186 356 182
41 122 400 103 149, 7 15.0 23,7 . 004 6. 30 . 008 370 207 7 208
e, 42 122 400 i03 149, 7 15.0  21.7 . 004 f, 38 .008 379 223 7?7 218
43 122 400 103 140, 7 15.0 21,7 . 004 6, 45 . 008 183 230 377 219
+4 122 400 103 149.7 15.0 21,7 . 004 f.43 .008 kY-k) 230 3177 219
i 45 122 400 103 140, 7 15.0 21.7 . 004 6,38 . 008 384 231 77 2i9
. i 122 400 103 149, 7 15,0 21,7 . 004 6,35 .008 384 2131 377 219
47 122 400 103 149, 7 5.0 21.7 . 004 6. 48 . 008 384 232 378 220
Shut Down
48 122 400 103 149.7 3.8 21,5 . 004 6.10 . 008 364 195 362 i91
49 122 400 103 149.7 15.0 21.7 S04 a, 32 .008 3179 222 375 215
50 122 400 103 149,7 15.0 2.7 L 004 6,52 . 008 384 212 3R0 224
Teardown for Inspection
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3 TABLE XVII - Continued i
% Air Cavity Fwd Seal Ait Seal f;
3 Speed Pressure Pressure Airflow {Two Seals —_— Temp. Temp. 3
F Hour (in/s) (ft/sec) (Nscm?) (pata) (N/emé) (psia)  (kg/s) (scfm) (1b/ sec) (K) *F) (K (*F) ¥
1 51 137 450 103 149.7 17.7 25.7 . 004 7.6 .010 372 210 369 205 k]
; 52 137 450 103 149.7 17.5 25.3 . 004 7.5 .0i0 383 230 378 221 v
3 53 137 450 103 149,7  17.6 25.5 . 005 7.9 .010 380 240 382 228 3
54 137 450 103 149,7 17.8 25.8 005 7.8 .010 39 234 384 232 i
55 137 450 103 149.7  17.7  25.7 . 005 8.0 .010 390 243 383 230 N
56 137 450 103 149.7  17.4  25.2 . 005 7.8 .010 190 243 385 233 H
Shut Down e
57 137 450 103 149.7 17.7  25.7 . 008 9.0 .o 370 2.6 368 202 3
58 137 45 103 149.7  1..3 23,7 . 004 6.8 .009 390 242 382 228
59 137 450 103 149.7 16,3 23.7 . 004 6.6 .008 394 250 384 231 ;
¢ 60 137 430 103 149,7 16,3 23.7 . 004 6.6 .008 399 258 388 238 §
H 6l 137 450 103 149.7 16,3 23,7 .00} (.7 . 009 199 258 388 238
1 62 137 450 103 149.7 16,3 23.7 . 004 6.7 . 009 309 258 387 237 $
3 63 137 450 103 1497 16,3 23,7 .004 6.7 .009 402 26 388 239 3
Shut Down £
LY 137 450 103 149.7  16.2  23.5 . 004 7.2 .009 374 23 372 210 3
‘ 65 137 450 103 149.7 16,0 23.2 . 004 0.8 .009 IR7 236 381 227
. 66 137 450 103 149.7  15:9 23,0 .004 07 .009 397 255 380 240
§ 67 137 450 "3 1497 15.7  22.% . 004 6.0 . 008 403 264 393 247 K
: 68 137 450 103 149.7  15.7 22,7 .004 6.7 .009 403 265 392 246 i
69 137 450 103 140,7 15,7  22.7 . 004 (7 .009 403 204 300 243 3
70 137 450 103 149,7  15.7  22.7 . 004 (¢ .008 403 264 392 244 §
Do 71 137 450 103 149,57 15,7 22.7 .04 6.5 .008 403 264 192 246 s
H Shut Down 3
% 72 137 450 103 149.7  16.3 23,7 .00¢ 7.1 . 009 Ti 216 373 212 3’;
73 137 4350 103 140,7  16.2  23.% . 004 T . 009 3184, 235 381 227 i
i Shut Down 3
¢ T4 137 450 103 149.7 15,7 22.7 . 004 n, 8 . 009 367 234 387 237 >
§ 75 137 450 103 149.7  15.7  22.7 . 004 6.4 . 008 403 264 3a] 244 3
% 76 137 450 103 49,7 15,7 22.7 . 004 6.8 . 008 402 262 384 241 g
% 77 137 450 103 19,7 16,3 23.7 . 004 7.0 . 009 305 251 38n 235 i
§ 78 137 450 103 149,7  15.9 23 ¢ . 004 6.5 . 008 400 259 389 241 ¢
f Shut Down :
i 79 137 450 103 149.7  13.9  23.1 . 004 7.2 . 009 370 206 370 20¢ i
: 80 137 450 103 1497 15,9 23.1 . 004 7.0 . 009 380 227 378 220 i
81 137 450 103 149.7 16,0 23,2 . 004 7.0 . 009 392 246 384 z32 i
82 137 450 103 149.7 15.9 23.1 . 004 6.9 . 009 394 249 384 232 z
N 83 137 450 103 149.7  15.9 23.1 . 004 6.9 . 009 39, 252 385 233 %
: 84 137 450 103 149,7 15,7 22.8 . 004 6.8 g ] 396 253 387 236 §
‘ 85 137 450 103 149,7  15.7 22.7 .004 6.8 . 009 397 254 188 238
86 137 450 103 149,7  15.7 22,7 . 004 6.8 .009 397 254 388 238 i
Shut Down H
87 137 450 103 149,7  15.7  22.7 .00+ 7.0 . 009 378 220 377 218 3
. 88 137 450 103 149,7 15.8 22,9 . 004 6.8 . 009 392 246 386 238 7
i D 89 137 450 103 149,7 ‘5.7 22.7 . 004 6.4 .008 402 262 391 244 z
90 137 450 103 149.7 15,7 221 .uN4 6.4 .008 304 266 392 24t 4
91 137 450 103 149,7 '5.7 22,7 . 004 6.4 .008 405 267 391 245
3 - 92 137 450 103 149.7  15.7  22.7 . 004 6.5 .008 405 268 394 248
: 93 137 450 103 149.7 15.7 22,7 . 004 6.¢ . 008 406 270 394 249 3
Shut Down 3
94 137 450 103 149.7 15,9 23,0 .004 €.9 . 009 374 214 374 213 h
95 137 450 103 149.7 15.8 22.9 . 004 6.7 .0n9 390 242 386 234
af 137 450 103 149.7 15.8 22.9 . 004 6.5 .008 400 ° 260 190 243
97 137 450 103 149.7  15.7 22.8 .004 6. 4 . 008 404 266 392 246
98 137 450 103 149.7 15.7 22.8 .004 b3 ., 008 408 267 193 247
99 137 450 103 149.7 15.7 22.7 . 004 6.4 . 008 405 268 394 248 :
100 137 450 103 149.7 15.7  22.7 . 004 6.4 .008 405 268 393 247 E
Teardown for Ingpection
71
e e e am st -
T B ———
| - g PO !
Ce— = ‘-uy.‘I'Jz‘ﬁ’“"f' i
: HE ORIGH IR
TY OF THE =0 |
g ~.-Cn0-’\m )(‘B‘L‘ “w o - :
ik s wer b idlin, s s s 120 e o e N m‘i#l . . N
e ——— 2 kit : "y s b ? ; B
! g v A i

Sl e R



- e tn g+ e A e rms = .

N e o e e i e e

TABLE XVII - Continued :
.
Air Cawvity Fwd Seal Aft Seal
Speed Pressure Pressure Airflow (Two Seals) Temp. Temp. .
Hour (m/s){ft/sec) (N/cm2) (ps1a) (N/em€) (psia) (kgls) {sc{m) {lb/sec) (K) (°F) K (*F)
101 137 450 103 149.7 18,4  20.7 . 005 9.5 012 378 220 kil 21
102 137 450 103 149, 7 18.4 26,7 05 Q, 2 .012 3% 2%0 386 234 .
Shut Down
103 137 450 103 149.7 17.0  24.7 . 005 9.5 .012 369 204 172 PALt }
104 137 450 103 149, 7 17.0 24,7 . 005 8.8 .01} 385 233 181 22 :
105 137 450 103 149.7 17.0  24.7 . 005 Q.0 .01l 300 243 LI 234 ?
106 137 450 103 149, 7 17,0 ¢4.7 . 005 8.7 L011 398 256 388 238 5
107 137  4s5¢C 103 149,7 16,7 24.2 . 005 8.4 .011 404 266 39i 244 .
108 137 450 103 149, 7 16.9 24.5 . 005 8.2 .011 404 26t 320 243 %
109 137 450 103 149.7 17.0 24,7 . 005 3.0 .ol 400 25u 18R 238 H
Shut Dow N
110 137 450 103 149, 7 17.0 24,7 . 005 8.7 .0il 3T 200 368 202 i
111 137 450 103 149, 7 17.0  24.7 . 00% 8.9 011 3R2 227 378 220 g
1nz 137 450 103 149. 7 17.0 24,7 . 005 8.7 .011 395 251 380 <34 §
113 137 450 103 149.7 17,0 24.7 . 005 8.4 .011 400 259 388 238 %
114 137 450 103 149, 7 17.0 24,7 . 005 8.4 . 011 101 260 388 238 H
115 137 450 103 149, 7 17.0  24.7 . 005 8.4 o1l 401 2/ 0 38R 234 1
116 145 475 103 140, 7 17.0  24.7 . 005 8.6 .011 105 2¢.8 193 247 g
117 145 475 103 140.7 17:0  24.7 . 005 8.7 .011 106 270 393 247 !
Shut Down A
118 145 475 103 149.7 17.4 25.2 . 00h 9.6 012 378 221 378 220 i
119 145 475 103 149.7 17.4  25.3 . 005 Q. .012 243 247 387 236 ;
120 i45 475 103 140,7 17.1) 24.8 . 005 .7 .01l 400 260 IR0 241 i
121 145 475 103 140, 7 17.2  24.9 . 005 8.5 .011 405 2¢R 3493 247 %
122 145 475 103 149, 7 17.0  24.7 . 005 8.5 .01 403 264 392 246 :
123 145 475 103 149.7 1.0 24,7 . 005 8.7 .011 402 262 390 242 f
124 145 475 103 149.7 17.0 24,7 .00% 8.2 .010 407 27} 394 250 ’
Shut Down N
125 145 475 103 149, 7 17.4 25.2 .0 9.6 012 377 AN 377 218 4'
126 145 475 103 149,7 17.4 25,2 . 008 9.4 .012 3a2 246 384 232 2
127 145 475 103 149, 7 17.1 24.8 . 005 9.1 012 402 262 3o 240 B
128 145 475 103 149.7 17.0  24.7 . 005 8.9 .011 405 267 390 242 H
129 145 475 103 149.7 17.0  24.7 . 005 9.0 .01 406 270 391 244 3
130 145 475 103 149.7 17.0  24.7 . 003 8.9 L0n 407 272 392 246 ;
131 145 475 103 149.7 17.2  24.9 . 006 10.0 .013 397 255 387 236 H
Shut Down :
132 145 475 103 149, 7 16.7 24.3 . 005 92,0 .011 388 239 383 229 5
133 145 475 103 149, 7 17.0  24.7 . 005 8.5 . 011 399 258 390 242 ;
134 145 475 103 149.7 16.7 24,2 . 005 8.5 . 011 202 263 390 242 3
135 145 475 103 149.7 16.7 24.2 . 005 8.3 .011 105 268 394 248 H
136 145 475 124 179.7 19.1 27.7 . 008 13.0 .017 104 266 388 238 i
137 145 475 124 179.7 19,1 27.7 .008 13.0 . 017 402 262 386 234
138 145 475 124 179.7 19,1 27,7 .008 13.0 .017 398 256 383 230
Shat Down
139 145 475 124 179.7 18,4 26,7 .008 13,0 . 017 304 279 380 225
140 145 475 124 179, 7 19,1 27.7 .008 13.0 017 396 253 379 222 -
14) 145 475 124 179.7 20.1 28.2 .008 13.0 . 017 392 246 377 218 4
142 145 475 124 '\79.7 20,1t 28.2 .008 13,0 . 017 390 244 377 219 ;
143 145 475 124 179.7 19,2 27.8 ,008 13,0 .017 39) 245 378 220
144 145 475 124 179.7 19,1 27.7 .008 13.0 017 391 245 378 220 f
145 145 475 124 179.7 20,1 28,2 .008 13,0 017 394 250 379 223 3
146 145 475 124 179.7 19,1 27.7 .008 13,0 .017 394 250 379 223 :
Shut Down |
147 145 475 124 179.7  19.1  27.7 .008 13.5 L017 392 246 382 228 3
149 145 475 124 179.7 19,1 27,7 .008 13,5 .017 39) 245 101 227 [
149 145 475 124 179.7 18.4 26,7 .008 13,0 017 392 246 381 227
150 145 475 124 179.7 18,4 26,7 .008 13,0 017 395 251 384 231
End
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The bearing was fed by four 0,81 mm (0, 032 in. ) diameter jets,
and two 0,81 mm {0. 032 in. ) diameter jets were directed at each self-
acting face seal dam., Oil-in temperature was 366 K (200°F), and
MIL- L-23699 oil was used.

Self-Acting Circumferential Seal

Desi gn

The self-acting circumferential seal configuration is shown in
Figure 39, It is similar to a coi.ventional circumferential seal with
the addition of self-acting geometry on the carbon bore for lift augmen-
tation. A detail of a carbon segment illustrating the self-acting geo-
metry is shown in Figure 40,

The seal is internally nressurized with two rings, made up of
three carbon segments each, comprising the sealing elements. The
segment joints are overlapped and an antirotation lock in the center of
the seal prevents the segments from turning with the shaft,

Test Results

Initially, two evaluation tests were conducted over a range of
speeds and internal seal air pressures at ambient air temperatures,
Test conditions and resulting airflows and bearing cavity pressures
are listed in Table XVIII, Each run was of 15 minutes duration, Two
thermocouples were placed adjacent to each oil-side and air-side car-
bon ring ac shown in Figure 39, and resulting temperatures are listed
in Table XIX. Some of the instrumentation was not operative in test II.

After test I, carbon wear was noted on the sealing dams and half
way across the pad lands (Figures 4] and 42). The wear was in the
order of 0, 0102 mm (0, 0004 in, } at the 3ealing dam, The carbon bores
had been manufactured with a taper of 0. 204 mm (0, 0008 in, ) from the
sealing da:u to th2 opposite end in order to account for possible distor-
tion of tne se2l runner,
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®‘\ PRESSUA?:!ZATION
O \\ L
THERMOCOUPL%\. \ \ /'

AIR SIDE

| .~ THERMOCOUPLE

1

73.228 ;
73216 O
2.8830
& - ( 2.8825
Lo Al oo 18-8 STAINLESS STEEL
2. COMPR 3SION SPRING INCONEL X
3. CARBON SEGMENT HIGH-TEMPERATURE CARBON
4. RUNNER AMS 6382 FLAME SPRAYED
WITH L.CIC CHROME CARRIDE
S. SEALING PLATE 18-8 STAINLESS STEEL
6. GARTER SPRING INCONEL X
JUN (159 1b)
7. ANTIROTATION LOCK 18-8 STAINLESS STEEL
Figure 39, Self-Acting Circumferential Seal.
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86.4108 .

+ 73.2536 m dio 84.3052
3 73.2028 (3402 )
-
P - \/ 2.884 ) 13.398
e ©2.882

RAISED
“ MATERIAL

£ ~ THERMOCOUFLE

TYP DETAIL OF

LIFT PADS LIFT PADS (5 SEGMENT)

; .02032 | .0008
/ | 3.175 mm dia =L mm Rlicia m)
/ i (125 in)) 1270 (.0005
™~ \l DEEP

‘/\.
S~ 635 mm = 2.0828 mm
381 (.082 in.)
3.556 . \ ( 025 . ) 5.1303
~ =306 ™ |’ ] p o5 f oma "
™ = =y
(e [ N Y o e o,
, & K N s | T (202 )
\\\t‘X\Y)L\\_\\X\T\\\XTl\\_P_X_ |
w036 024 s DIRECTION OF ROTATION
26096 20245\ SEALING DAM
5080 (.ozo '") coa
SEALING
DA

DEYELOPED >TRAIGHT LENGTH OF OME SEGMENT

Figure 40. Details of Carbon Segment, Self-Acting Circumferential Seal.
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During test II, carbon wear was excesgsive: 0. 305 to 0.737 mm
(0.012 to 0.029 in.) radial wear. The lift pads had completely worn
out and there wag grooving on both runners. Seal carbon temperatures
(Table XIX) were recorded as high as 628 K (67C°F) and there were
brief excursions as high as 700 K (8000F).

Typical traces of the lift pads prior to operation and after test I
are shown in Figure 43, Note the taper on ‘he sealing dam, 1In
addition to tracing the lift pad profile, traces were taken of the runner,
seal case, and seal plate. Inspection data are listed in Table XX. No

axial wear of the carbon segments was noted throughout the test
program.

Testing continued with an effort to determine the rezimee of
operation within which the seal could operate successfully. A 10-hour
test was conducted at the following conditions:

Speed 91 m/s (300 ft/sec)
Air pressure 55 N/cm? (80 psia)
Air temperature Ambient

Operating parameters held constant throughout the test as
follows:

Airflow into bearing cavity through two seals - 0,0009 kg/=
(0.0019 lb/sec or 1.5 scfm)

Bearing cavity pressure - 11,2 N/em? (16. 3 psia)

Carbon temperature

Forward seal

Oil-side carbon - Not instrumented
Air-gide carbon - 428 K max (310°F)

Aft seal

Gil-side carbon - 450 K max (350°F)
Air-side carbon - 447 K max (345°0F)
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TABLE XX. SELF-ACTING CIRCUMFERENTIAL SEAL TEST DATA 3
New After Test ! After Teat I .
Fwd Seal ;
Runner (Air-Side Contact)
. Roundness, um {uia.) . 635 (2%} 2.04 (80) 30,5 (1200)
Waviness, um {uin.) - - 1,02 (40) 2.54 (100}
Rough-eas, um (uin, AA) .05 (2) .38 s) -
Runner (Oil-Side C. ntact) ‘
Roundness, um (uin.) . 635 (25) 2.04 (80) 22.8 (900}
Waviness, um {(uin.) - - 1.02 {40) S, 34 {210)
Roughness, um (uin, AA) . 051 {2) .38 1% - -
Case
Flatness, um {uin.) 3.81 {150) 7.11 {280) 16.0 (630)
Waviness, um (uin.) .71 (24) .51 {20) 1.14 {45)
Roughness, um (uin, AA) .38 (15) .36 {14) .25 o
Plate 1
i
Flatness, um {(uin.) 1.27 {50! 21,4 {840) 30,5 (1200) '
Waviness, um (pin.) .43 (17) .41 (16) .25 (10)
Roughness, um (uin, AA) .13 {s) .18 7 .13 {5
Aft Seal
Runner (Air-Side Contact)
Roundness, um (uin.) 1.91 (75) 2,04 (80) 19.1 (750)
Waviness, um (uin.) 1.52 {6G) 1.27 {50) 9.4 {370) .
Roughness, um (uin, AA) .08 3) .36 (14) - -
Runner (Oil-Side Contact) '
Roundness, um {uin.) 1.91 75) 2.04 (80} 38,1 (1500)
Waviness, um (uin,) 1.52 60) 1,27 (50} 58.5 (2300)
Roughness, um (uin. AA) .076 {3) .36 a4 - -
Cage
Flatness, um (uin.) 2,54 {100} 4.7 (580) 14,0 (550)
Wavinegs, um (uin,) . 46 (18) .76 (30) .84 (33)
Roughness, um (uin. AA) .18 ()] .18 N .18 {7 .
Plate
Flatness, um {uin.) 3,05 {120} 22.4 (880) 24,2 {950)
Waviness, um (uin,) . 46 {18) .64 (25%) .51 {20)
I Roughness, um {uin. AA) 23 {9) .25 (10) .25 (1)
5
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Inspection of the seals following test revealed light carbon wear
at the sealing dams in the order of 0.0102 mm (0.0004 in.).

The run-

ners exhibited a full light carbon pattern on the oil side and a single
light line corresponding to the sealing dam on the air side.

Testing continued with a 10-hour run at the following conditions:

Speed
Air pressure

Air temperature

122 m/s (400 ft/sec)
79 N/cm? (115 psia)

Ambient

Operating parameters held constant throughout the test as

follows:

Airflow into bearing cavity through two seals - 0.012 kg/s
(0.0026 lb/sec or 2.0 scfm)

Bearing cavity pressure - 11.2 N/cm?2 (16. 3 psia)

Carbon temperature

Forward seal

Oil-side carbon
Air-side carbon

Aft seal

QOil-side carbon
Air-side carbon

514 K max (465°F)
514 K max (465°F)

- 517 K max (470°F)
- Not instrumented

Inspection of the seals following test revealed excessive wear

of the forward seal,

Seal dam wear varied from 0.036 to 0.228 mm

(0.0014 to 0.009 in.). The lift pads were completely worn out.

The aft seal revealed carbon wear at the sealing dam of

0.0102 mm (0.0004 in.).

The runners after testing are shown in Figure 44. Surface
roughiess traces of the forward seal runner following the first and

second 10-hour test are shown in Figure 45,

During the self-acting

circumierential seal test program, airflow into the bearing cavity and

84
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1 Unworn Area

After Second 10-Hour Test

Figure 45. Roughness Traces of Forward Seal Runner, Self-Acting
Circumferential Seal.
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carbon temperature increased with increasing air pressure. These
paremeters did not appear to change significantly with speed. Envelopes
of the airflow and temperature data recorded in the test program are
shown in Figuras 46 and 47.

Total oil flow to the bearing compartment was varied with speed
as follows:

Shaft Speed Oil Flow
m/s ft/sec kg/hr lb/hr
91 300 75 166
122 400 95 210
152 500 115 254
183 600 143 314
213 700 . 176 374

The bearing was fed by four 0.81 mm (0.032 in.) jets and each
seal runner was under cooled by one 0.81 mm (0.032 in.) jet. Oil-in
temperature was 366 K (200°F)., MIL-L-2369Y9 oil was used.

Failure of the seal to operate successfully at speeds of 122 m /s
(400 ft/sec) and pressure differentials of 79 N/ecm? (115 psia) was attri-
buted to insufficient lift force generated by the self-acting geometry.
The 0.0204 mm (0.0008 in.) taper contributed to the inability of the pads
to produce sufficient lift force. The self-acting geometry (Figure 48)

wasg redesigned, which will increase the lift force. No taper will e
incorporated.

Discussion of Test Results

A comparison of the performance of the various seal configura-
tions is shown in Figure 49. The plot shows that self-acting face seals

have the potential of significantly .~ducing airflow as cemrpared to the
conventional seals,

Of the conventional configurations, face seals allowed the least
airflows at high pressure differeatials, Circumferential segmented
seals are as tight as face seals at moderat: operating conditons; how-
ever, experience and the subject test program results have shown that
at pressure differentials above approximately 41.4 N/cm?2 (60 psi) and
speeds above approximately 107 m/s (350 ft/sec) circumferential seg-
mented seals wear out and finally operate as labyrinths. In that case
there is little to choose between circunferential, rotating ring, and
labyrinth seals in terms of airflow,
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Figure 46. Envelope of Airflow Through Two Self- Acting Circumferential
Seals Versus Pressure Differential.
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Figure 49. Comparison of Seal Configurations.

91

e T T T TS T T T

REP’RODUC&B‘UTY OF THE ORiGlNAL PAGE IS POOR i

"! |

L

Fohn s A W Cw h @

-

P




. .

N

B I B i o e

Several problems can occur as a result of high seal leakage air-
flow into the lubrication system: .

1. The air-oil separation system may not be able to handle the
volume of air, and accessory gecarbox pressure will increase
and back pressure the bearing cavities that are in low-pressure
areas of the engine, causing oil leakage. Alsaq, oil might be
vented out of the air-oil separator. '

2, Depending on the scavenge area of the bearing cavity and the
pressure downstream, excessive airflow can pressurize the
bearing cavity and limit the oil flow into it, thereby precipi-
tating bearing failure.

3. Excessive hot air flowing into the bearing cavity can degrade
the lubricant and be detrimental to the bearings.

To gain some perspective of the magnitude of airflow under
discussion, engine experience has shown that excessive airflow into a
bearing package incorporating seals of the size used in the test program
would be in the order of 0.012 kg/s (0.028 lb/sec). Taking midpoint
values of the range of pressure differentials in Figure 49, the face seal
could not meet this criterion at pressur< differentials above approxi-
mately 85 N/cm2 (123 psia). The limiting pressure differential for
worn out circunferential segmented seals, rotating ring seals, and
simple labyrinths is approximately 40 N/em?2 (58 psia).

Test program results indicated the effect of pressure differential
on airflow was more significant than speed for circumferential segm =nted
and conventional face seals. Airflow through the face seals decreased
with increasing speed at a given air pressure., This is also the case
with rotating ring seals and labyrinths since the leakage gap closes with
speed. The self-acting face seal airflow increased with speed as would
be expected since the lift force increases with speed and therefore the
leakage gap increases.
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CONCLUSIONS AND RECOMMENDA TIONS
Self-Acting Face Seal

The self-acting face seal limited airflow successfully at oper-
ating conditions more severe than those of present small engine appli-
cations. Endurance running of 150 hours showied that the seal could ‘
operate without rubbing contact at high shaft rotative speed (43, 000 rpm,
145 m/s (475 ft/sec)) with leakages less than conventional seals.

A redesign of the seal is required to overcome difficulties re-
lated to dynamic effects and distortion of the face plate, which led, in
some runs, to contact of the sealing surfaces and excessive heat gen-
eration and wear, )

It is recommended that a dynamic analysis of the redesigned
seal be conducted to analytically determine the response of the seal
to motions of the rotating face plate, Follcwing the dynamic analysis,
environmental testing should continue to determine the full potential
of the self-acting face seal configuration,

Self-Acting Circumferential Seal

A 10-hour test was successfully conducted at a speed of 91 m/s
(300 ft/sec) and air pressure of 55 N/cm?2 (80 psia). The self-acting
circumferential seal did not develop sufficient lift force and wore ex-
ceasively at speeds above 122 m/s (400 ft/sec) and at air pressure
differentials above 79 N/cm2 (115 psia).

The carbon b>re, which was manufactured with a 0. 0004 mm
(0, 0008 in. ) taper from the sealing dam to the opposite end, proved
detrimental to the self-acting lift pad performance. A redesigned seal
with modified self-acting geometry and no bore caper should be evalu-
ated.

Conventional Seals

Test results indicated that conventional seals may not ba satis-~
factory in future advanced engines because of exceasive airflow,

Of the conventional seals tested, the face seal configuration
was most succeasful at limiting airflow; however, at air-to-oil pres-
sure differentials above approximately 85 N/t:m2 (123 psia), airflow
was considered excessive.
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The circumferential segmented seal configuration operated
well at moderate conditions, but at air-to-oil preasure differentials
above approxima: ely 41.4 N/em2 (60 psia) and speeds above approxi-
mately 107 m/s (350 ft/sec), it wore excessively and eventually
operated as a labyrinth, '

Airflow through worn out circumferentzal segmented seals,
rotating ring seals, and simple Iabyrinths is comparable for a given
air-to-oil pressure differential. At pressure differentials above
40 N/cmz (58 psia), airflow through these seal configurations was
conside q excessive.

I advanced engines, if convéntional seals are to be used,
complicated pressure-breakdown stages will be required, adding cost

"and weight. Incorporation of the self-acting concept offers a2n attrac-

tive alternate seal design for critical applications.
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