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FINAL SUMMARY REPORT ON PHASE II
ADVANCED TURBINE ENGINE MAINSHAFT LUBRICATION SYSTEM INVESTIGATION

by
W, L. Rhoads and L. A, Peacock
ABSTRACT

Ball bearings and face seals for use on Mach 3 aircraft
gas turbine engine mainshafts have been evaluated in this program
with several selected lubricants in a recirculating o0il system
having provisions for inert gas blanketing. Testing has been
conducted at typical advanced engine load and speed conditions
with the seals exposed to 1200°F hot air and a pressure differential
of 100 psi.

Using M-50 and WB-49 tool steel ball bearings of current
design with two of the most promising fluid lubricants (two
synthetic paraffinic hydrocarbon base stock fluids, one with a
heavy paraffinic resin additive and the other with a proprietary
antiwear additive) found in the screening test tasks of this program
and newly developed hydrodynamic 1ift design o0il seals, it was
possible to run 250-hour tests at 650°F bearing outer ring
temperatures with no signs of distress. Reliable longer-term
inerted operation at representative advanced engine conditions
appears to be feasible.

In a separate task of this work, 125 mm-bore bearings and
face seals were run successfully for short periods at speeds to
20,000 rpm corresponding to a DN value (product of bearing bore
in millimeters and shaft speed in rpm) of 2.5 million and a seal
face speed of 550 feet per second.

This report is the second of two parts on thislubrication
system study. This volume, Part 2, contains a detailed writeup
of face seal performance, a mass spectroscopic study of a test
fluid and supplementary test data tabulations, Part 1 (CR-72854)
contains a presentation and discussion of the system performance
test results,

RESEARCH LABORATORY SkKF INDUSTRIES, INC.
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FACE SEALS RESULTS FROM ADVANCED TURBINE ENGINE MAINSHAFT

LUBRICATION SYSTEM INVESTIGATION

I, INTRODUCTION

This section deals with test results and refinements
made over approximately a four year period of use of a tandem pair
of face seals on the Advanced Turbine Engine Mainshaft
Lubrication System Investigation (NASA Contract NAS3-6267, Phases
I and II). 1In this program the performance of aircraft gas
turbine mainshaft ball bearings, seals, and lubricants under
simulated (Mach 3) turbine engine conditions is being studied using
the most advanced materials, designs, and manufacturing techniques
available. Both recirculating and once~through (mist) lubricating
systems have been used, predominately under inert gas blanketing. .

IT. BACKGROUND

a. General

Test conditions to simulate an advanced Mach 3 aircraft
gas turbine engine are severe from all points of view. The shaft
speed of 14,000 rpm means, that for representative size seals,

a rubbing speed of nearly 390 - 400 fps is realized. The thermal
requirements are such that one seal of the pair, shown in position
in the test rvig in Enclosure I-1, is subjected to hot oil in an
environment of 600-700°F. The other seal is subjected to 1200°F air
and the pair has a pressure drop of 105 psi across it.

Since even the best available candidate lubricants would
most probably decompose at the desired operating temperatures, it
was decided to employ an inert gas blanket for the test bearing and
lubricant., For an inert blanket to be reasonably economical, loss
through leakage must be kept low. Considering all aspects, it
was decided that the best available state-of-the-art seal was a face
seal with bellows secondary. These were procured from Koppers Co.

RESEARCH LABORATORY alkfF INDUSTRIES, INC.
1-4



F-4186 A R 100

AL69TO16

Initially, shoulder cooling was to be employed but had to be

eliminated to allow desired bearing race temperatures to¢ be
reached.

b. Face Seal Design

In its simplest form, a face seal consists of a stationary
continuous "dam" of some material, usually carbon, which rubs
against a shoulder that rotates with the shaft. The dam is held
against the shoulder with some small positive load by the vectorial
combination of mechanical and pressure forces. The pressure drop
occurs across the sealing dam in a non-linear manner (although it
can reasonably be assumed linear since the physical width of
the dam is small). The balance diameter, experimentally determined
for each bellows seal, is the diameter defining the area over
which the net pressure acts to give-the pressure force. 1In the
seals used on this program, carbon pads or lands are provided on
either (or both) the inboard or the outboard side of the sealing
dam to distribute the face load over a larger area to reduce
wear. These wear pads (should) have sufficient venting area
to pass a reasonable face seal leakage so as not to influence the
pressure distribution which would change the net face locad. An
increase in net face load can increase heating appreciably leading
to heavy wear, warping of the parts, and failure. A decrease can
lead to lift-off and high leakage. To minimize this, the curve
of net seating force should be as "flat" as possible so that a
disturbance in either the mechanical force or pressure force,
results in only a small increase or decrease in load, The "flat™
curve of net seating force can be approached by making the mechanical
seating force as independent to change as possible; i.e. with
as "flat" a spring rate as possible. A more promising approach
is to incorporate hydrodynamic 1lift devices into either the carbon
or shoulder surfaces (even with the smooth carbon and shoulder
surfaces commonly used, there is some lift). By utilizing this
device the mechanical seating force can be increased without
danger of undue wear or heating. The lift provided by hydro-
dynamic effects increases sharply as the carbon and shoulder
come closer together. If there is some unseating disturbance
which increases the separation of the surfaces the lift decreases
sharply and the higher mechanical seating force can minimize the
separation and leakage.

RESEARCH LABORATORY SIKF INDUSTRIES, INC.
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The carbon material should be wear resistant, but not
abrasive, should not distort under heat, and the binder should
not decompose at high temperature in the presence of the lubri-
cant or atmosphere used.

C, Secondary Sealing

Since the carbon face cannot be rigidly mounted to the engine
or test structure because there must be allowance for differen-
tial thermal expansions of different materials, mechanical
seating force, wear, etc., static secondary sealing must be
employed. The two general methods used are metallic bellows,
whickh also provide the mechanical seating force, and one or more
piston rings, usually of carbon. With a piston ring secondary
seal, the mechanical seating force is provided by auxiliary springs.

4 bellows secondary, unless ruptured, has zero leakage across
it. A face seal using this design secondary therefore will leak

less than one with a piston ring secondary under ideal conditions.
Unless the net bellows face load is carefully controlled by
individual calibration, disturbances in operating conditions can
lead to lift-offs (and high leakage) or high wear (and heat
generation), Difficulty in controlling bellows face loads is due
to the change in spring rate of the bellows caused by pressure or
thermal changes in the bellows geometry. Long term relaxation may
have an added effect on spring rate change as well as loss of
mechanical load.

While piston ring secondary seals have a finite
leakage across them and consequently a higher overall leakage when
compared to a properly operating bellows seal, the mechanical load
and hydraulic balance are more constant with respect to all operating
variables than a bellows.

Since the seal is a spring-mass system subjected to
excitation by various forces such as rotational imbalance and
other rig or engine vibration, some damping is commonly provided.
In a bellows seal auxiliary means, such as coulomb friction surfaces,

are used. In piston ring seals the piston ring friction is generally
sufficient.

The requirements for the carbon piston rings are generally
the same as for the face carbon described previously. The
bellows material must be such that its mechanical properties

RESEARCH LABORATORY &ielF INDUSTRIES, INC.
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are adequate and do not change after continued exposure to high
temperatures. Often materials selection for the bellows must
be compromised because of fabrication difficulties.

d. Shoulder Design

The commonly utilized shoulder has a smooth face which
rubs against the carbon face material. As has been pointed out,
hydrodynamic 1ift pads may be employed on either the carbon or
shoulder face. Because the carbon can wear in transient seal
operation and possibly change 1ift characteristics, it is generally
felt preferable to incorporate the 1ift pads in the shoulder if they
are used,.

Because of the high rubbing velocity between the face
and shoulder, heat is generated. The effect of this heat generation
can be warpage of seal parts usually in the form of coning.
The shoulder is particularly liable to thermal warpage since it
is commonly metallic and can have large thermal gradients acreoss
its rather large, irregular cross section. A material with a
high thermal conductivity is employed to keep thermal gradients
as small as possible, and a somewhat flexible interface with the
shaft may be utilized to minimize distortions caused by differential
expansions between the (possibly dissimilar) materials. Finally,
lubricants may be delivered as close as possible to the heat
generation zone to remove excess heat before it can be conducted
to other areas.

The rubbing contact area of the shoulder is as hard as
possible to reduce wear. This is usually accomplished by
plating a very hard material on the parent shoulder material
since wear resistent materials are usually too costly, difficult
to manufadture or have too low a thermal conductivity or poor
mechanical properties to be used for the complete shoulder.

ITIT. RESULTS OF CURRENT PROGRAM

a. General

Included in this section is a description, by location
and type, of the test seals and modifications used during
testing in Phase I and Phase II of this contract. Also
included is a description and discussion of seal test results
during this work. Detailed descriptions of test conditions

RESEARCH LABORATORY &OkKF INDUSTRIES, §§@§30
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and results for all tests conducted are given in References
(2, 7, 8, 13)* and in this report.

A total of ten AM 350 steel bellows and two Inco 718
llows (with better high temperature material properties) were
nufactured. These can be used for either air or oil seals if
the proper carbon geometry is used. Four AM350 steel bellows
were originally made up as air seals and four as oil seals with a
shoulder for each. (The air and o0il seal shoulders are different).
Two AWM 350 steel bellows were initially unused but were later
utilized as replacements for failed bellows. Both Inco 718
bellows were originally used as air seals; however, one was
later converted to an o0il seal.

be
ma

"\} (f,»
v

o

D

Two piston ring secondary oil seals were manufactured
during Phase II and one bellows secondary oil seal and shoulder
incorporating the hydrodynamic 1life design is being made for use at
# later time. Extensive re-working, repair, and replacement was
carried out on all bellows seals during the program. Attachment

“consists of correspondence from Koppers Co. discussing early
0il seal problems. A discussion by Koppers Co. on the seals
used in Phase I, their performance and additional design information
is included in Attachment IXI. Attachment III contains the results
of Koppers examination of a tested piston ring secondary seal.
Lttachment IV contains an evaluation by Koppers of face seals used

in Phase II of this progranm,
b. Air Seals

Bellows face type seals were used throughout the program
ér fhig location. In the test rig they are required to seal
Jzur@geﬂ and helium at a pressure of 111 psi. There is no
ligquid cooling media available in the area of this seal. Relative
rubbing velocity is approximately 390 fps. Face loading for all
alr seals used was in the range of 0.35 to 0.50 1lbs./inch of circumference
(net load 7.9 to 11.5 1bs.). A typical air seal and shoulder is
shown in Enclosure I-2, Enclosure I-3 and I-4 present a

“*Numbers in parenthesis refer to references at end of Part I,

RESEARCH LABORATORY SleFF INDUSTRIES, INC,
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test history and performance summary of the various seals used

(due to lack of mass spectrometer data in some instances it is only
possible to give total seal leakage). Except for a bellows weld
failure and decomposition of the carbon binder in one long term
test, the alr seal design performed well. Service life is estimated
as being on the order of many hundred; if not thousands of hours
with leakage generally less than 5 scfm, based on tests to date.

¢c. Bellows Secondary 0il Seals

Bellows face type seals were used for a majority of
testing, although not for a majority of accumulated hours operation.
In the rig they are required to seal 500°F (or hotter) splashing
0il under a 6 psi nitrogen blanket against a mixture of nitrogen
and helium at a pressure of 111 psi. Relative rubbing velocity
is approximately 390 fps. Enclosures I-3 and I-4 present a
test history and performance summary of the various seals of this
type used.

Seals in initial Phase I tests had a face loading of
around 0.5 1lbs./inch of circumference. Seals used at the end of
this Phase had the loading increased to about 0.6 lbs/inch of
circumference. This was done in an attempt to reduce the tendency
to lift-off which had been observed. The change was not successful.
A1l of these seals used a chromium plated shoulder, AM350 steel
bellows, and USG 2777 carbon. It was noted in several instances
that balance diameter and/or bellows free length changed after
extended operation. A typical o0il seal of this type is shown
in Enclosure I-5.. No design provisions were included for oil
cooling of the shoulder since it was thought that sufficient
0il splash would be available. As can be seen from Enclosure
I-5 the shoulder mounting on the shaft is rigid. Leakage rates
varied from a few scfm to well over 10 scfm. Lift-offs often
occurred,and on several occasions high wear rates led to near-
catastrophic seal failure. (When transient leakages were high,
early rig venting was not adequate to keep AP = 105 psi. Therefore,
AP dropped and because of the face load bellows characteristics, the
face load changed to a portion of the curve where the seating
was inadequate; 1ift off ensued. Venting was later increased in
the rig.)

One of the major causes for this behavior was, and
still is thought to be the difficulties in pressure balancing, i.e.
the seating force curve is not "flat" enough so that a slight
perturbation can have a large effect on seating force. Several
design suggestions for the bellows to correct this are presented in
Attachment II,

RESEARCH LABORATORY SKF INDUSTRIES, INC.
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At the beginning of Phase II, several design changes were
made which, while not eliminating the basic problem cited above,
did result in promising performance. These changes are shown in
Enclosures I-6 and I-7 and include a flexible mounting on the shaft
{(to prevent coning of the shoulder due to differentigl expansions
between it and the shaft), removal of the outer wear pads to
prevent possible lift-off due to carbon coning and decrease of the
face load to approximately 0.4 1lbs./ inch of circumference to

reduce heating. In addition, cooling oil (approx. 0.5 gpm) was
provided for the shoulder. The carbon material was also changed
to CDJ83 to improve wear characteristics, This carbon proved to

be more abrasive and wore through standard chromium shoulder plating
in a matter of a few hours. Chromium carbide provided about 32

nours of service before it wore through. Aluminum oxide and
tungsten carbide plated shoulders were made in an attempt
to further improve service life. There would seem also to

be a tendency for these bellows seals to become inoperative
(exeessive leakage) by coke forming in the bellows area.

Based on results to date it appears that it may be possible
to obtain low leakages (a few scfm) for periods of perhaps a
few hundred hours with a modified bellows seal and proper
materials in the rubbing area.

d, Piston Ring Secondary 0il Seals

In an attempt to eliminate recurring lift-off problems
associated with the bellows typs 0il seals, it was decided to
try piston ring secondary seals in this location, even though
the steady state leakage might be greater. In addition,
hydrodymamic 1ift pads, a flexible shaft mounting system, and
design for oil cooling were incorporated in the shoulder. This
seal "is shown in Enclosure I-8. The cross-sectional details of
the shoulder as well as the inclusion of a windback (low
efficiency viscoseal)used to reduce seal exposure to 0il and
thereby reduce internal seal coking can be seen. Enclosure I-9
shows the 1lift pad detail. This seal performed well for 573 hours
at the specified test conditions, in thus appears that this

type of seal is the most promising to date for acceptable long
term operation¥®,

*In endurance testing conducted with Mobil XRM177F, a second seal
of this type failed after ten hours at specified conditions. This
failure has been traced to inadvertant use of a different grade

of carbon which was not suitable for these conditions.

RESEARCH LABORATORY SkF INDUSTRIES, INC.
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Iv. DISCUSSION

a. Air Seals

The original design of a bellows face seal has
proven to be satisfactory in this location. Accumulated life of
482.2 hours using an AM350 bellows secondary, 56 HT carbon
face and chromium carbide plated shoulder has been achieved,

b. 0il Seals

The original design bellows - face seal proved
troublesome, unpredictable, and many times unworkable due to
frequent 1ift offs and high leakage.

By reducing the face load, incorporating several
design modifications in the face and shoulder to reduce thermal
effects on geometry, and by proper selection of shoulder
plating and carbon materials it was possible to secure very low
leakage (less than 1 scfm) for up to 32 hours, with the bellows
seals., By additional modification in shoulder platings it should
be possible to secure longer term operation of the basic design,
but the limit on obtainable life appears to be relatively low.

The primary cause for trouble with the bellows o0il
seals appears to be the high pressure drop (105 psi) across the
seal since the air seal, which runs as fast and hotter, is
essentially trouble free.

The high leakage (lift off) and/or wear problems are
attributed to the "change in load"” characteristic of this particular
bellow configuration which makes the bellows sensitive to AP
changes and to thermal effects.

Both piston ring and bellows secondary seals undergo
a run-in during which the contacting surfaces adapt themselves to
the thermal geometry peculiar to the conditions at which the test
is being run. These thermal conditions vary with test conditions
so that some additional run-in may be required with a drastic
change in test conditions.

Piston ring secondary face seals with hydrodynamic
1ift shoulders appear capable of operating satisfactorily for many

RESEARCH LABORATORY GkF INDUSTRIES, INC
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hundreds and maybe even thousands of hours. Leakage is not as slow
as with a properly operating bellows secondary seal (around 3 scfm
compared to less than 1 scfm) but there are no lift-off problems.
While the windback in the piston ring secondary
seal may not eventually prevent coking of secondary elements, it

is believed to reduce it considerably.

The most promising low-leakage design for this
location appears to be a redesigned bellows secondary (designed
ake "spring"” loading curve as "flat" as possible) with an
oil-cooled, felxibly mounted shoulder plated with a carbide and
provided with hydrodynamic 1ift pads. A wind back is felt to
be desirable to lessen coking in the secondary area.

RESEARCH LABORATORY SkfF INDUSTRIES, INC.
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ENCLOSURE

TYPICAL AIR SEAL AND SHOULDER DESIGN
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ENCLOSURE

SEAL TEST PERFORMANCE

SUHMARY - PHASE I

LEAKAGE SCFN

HOURS SEAL USED IN

ALGITOLS

rast

AIR OIL THIS TEST/CUM.HRS. WEAR
TEST & OIL AIR SEAL OIL SEAL TOTAL SEAL SEAL AIR OIL AIR/SEAL COMMENTS

R-1 te R-10%

Esso 4040 - 700389 %2 2-20 - - 20/20 20/20 -

E-11 to R-12 Maj.of

YRM-1TTF - 700389 =2 3-20 - Total 8/28 8/28 -

M-1

Esso 4040 700397 ®5 700389 =8 4-6 - - 0.5/0.5 0.5/0.5 Negligible

R-13 Maj.of Negligible 0il Seal sent te Koppers

Sinclair Turbo-S 700397 #3 700389 #2 7-8 - Total 1.5/1.5 1.5/20.5 for reconditicning

R-14 Sealiag dam of o1l sesl

Sinclalr Turbo-S 700397 #5 700389 w1 6-6 - - 5.0/5.5 5.0/5.0 .012/.005 had been made in-
correct

R-15

WCS 293 (No Rlanket) 700397 #5 700389 =8 1 - - 2.5/8.0 2.5/3.0 Negligible

R-16

HMCS 293 .003/ -

(Open Atmosphere) 700397 =7 700389 *8 2-12 - - 4.7/4.7 4.7/7.7 Negligible

-2

Esso 4040 - 700389 #10 2 - - - 0.5/0.5 Negligible

R-17

MCS 293

Freon Additive 700397 #5 700389 =8 7-11 1-2 6-9 4.5/12.5 4.5/12.2 Negligible

R-18 .010/

DuPont PR-143 700397 #5 700389 *10 10-13 - - 4/16.5 4/4.5 Negligible

#-3

Mobil XRM-177F 700397 *7 700389 =10 1-2 - - 6/10.7 6/10.5 .012/.024

M-4 .026-.050 The air seal dam completely

Mobil XRM-177TF 700397 =7 700389 #10 20-25 - - 5/15.7 5/15.5 .001 worn away - recondition

K-35 Negligible

Mobil XRM-1T7F 700397 #3 700389 =10 1-2 - - 1/2.5 1/16.5 .006

M-6

Mobil XRM-177F 700397 #3 700389 #10 8-10 - - 4.5/7.0 4.5/21 .002/,004

B-7 Maj.of

UCON - 700389 »10 6-45 - Total - 1/22 01l seal scored

M-8 Negligible

Herculube F 700397 %6 700389 =4 6 - - 0.3/0.3 0.3/0.3 010

n-9

Sunthetic 184 700397 #6 700389 #4 4.5~-10 - - 1/1.3 1/1.3 .002/.005

n-10 0il sezl sent to Koppers

Sunthetic 18H - 700389 %10 5-10 - - 1/23 - for reconditioning

R~19

DuPont PR-143 - 700389 %4 5-20 - - 4/5.3 -

R-20 Maf.of 01l seal slightly

DuPont PR-1423 - 700389 #4 High - Total - 1.5/68 - scored.

R-21

DuPont PR-143 - 700389 =4 5-10 2-5 2-5 - 1/7.8 -

ui11 Waj.of

Hobil XRM-1T7TF 700397 %6 700389 =4 20 Total - 1.3/2.6 1.3/9.1 .003/.001

R-22 Maj.of .002-.007

Sinclafir Turbo-~§ 700397 #6 700389 %4 10-11 - Total 3/5.6 3/12.1 Negligible

M-12 Maj.of The oil seal was damaged

Mobil XRM-1T7F 700397 %6 700389 #4 3-10 Total - 1/6.6 1/13.1 .001 extensively. Sent to
Keppers for reconditioning

R-23 Negligible

Sinclair Turbo S 700397 =7 700389 %9 1-2 2-5 0.8-1.6 6/21.7 6/6 .003-,012 New oil seal

R-24 .004 .040" temoved from flange.

Mobil XRM~177F 700397 =7 700389 =9 2-3 1-3 Max.2 8/29.7 8/14 L007-.013 Extrs notches cut out of
outer carbon pads

EM-1 .003 New reconditioned ofl seal

Mobil XBM-177F 700397 #2 700389 =10 3-30 - - 1/1 1/1 .035~.043 with extva notehes on osuter
carbor pads. 0il seal and
ruaner destroyed in thi

ER-1

Mobil XRM-1T7F 700397 #2 700470 %2 1-10 - - 1/2 1/1 Negligible Inconel 041 seal bel

*R-1 denotes firzt rum in recirculating test rig, ¥-10 demotes tenth rum in mist test rig.

A1l air seals in Phase I testing used an AM350 steel bellows with S56HT carbons.

steel bellow with USG2777 carbons except test ERpl which used an Inco 718 zteel bellow with CDJB3 carbon.

RESEARCH LABORATORY 5HICF
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I-16

EAL USED IN THIS
TEST/TOTAL HOURS

=] 9 o

AIR 0IL
SEAL SEAL AIR o1L
9-12 3-10 2.3/2.3 2.3/2.3
- - 0.5/2.8 0.5/2.3
- - 0.3/3.1 0.3/0.3
- - 2.3/5.4 2.3/2.6
1.6-1.8 0.07-0.57 5.8/11.2 5.8/8.4
- - T /18.2 7 /i5.4
1.4 0.19-0.24 3.4/21.6 3.4/3.4
7 4 0.19-11.7 2.7/24.3 2.7/6.1
4-1.5 1.5 - 2.6 10/ 34.3 10/ 16.1
.2-2.0 1.0 - 1.8 10/ 44.3 10/ 26.1
0.4-2 1.0 - 1.6 10/ 54.3 10/ 86.1
2/ 34.7 2/ 30.7
0.7-0.9 0.7- 1.1 3/ 34.7 3/18.4
- - 1.8/ 3.8 1.8/1.8
- - 106/ 13.8 10/11.8
- - 10/ 23.8 10/21.8
- - 10/ 33.8 10/31.8
- - 10/ 43.8 10/41.8
- - 8.2/52 8.2/50.0
- - 10/ 62 10/ 60
- 7 -1l 10/ 72 10/ 70
.8-8.4 5 - 9.8 10/ 82 10/ 80
- - 5.9/87.9 5.9/85.9
0 -5 14 -24 10/ 87.9 10/ 95.9
9 -12 8 ' -13 4.1/92 4.1/100
2 2.2-2.5 1.7-19.0 10/ 10 10/ 10
5 0 -3.6 20,2-48.5 2.8/12.8 2.8/12.8
7 8.9/21.7 8.9/108.9
9 10/ 31.7 10/ 118.9
6 10/ 41.7 10/ 128.9
1 7.8/49.5 7.8/136.7
8 10/ 59.5 10/ 146.7
1/ 60.5 1/ 147.7
6 0.2-1.9 1.1~ 4.4 10.2/70.7 10.2/157.9
3 10/ 80.7 10/ 167.9
8 1.6-3.1 3.7- 6.4 10/ 90.7 10/ 177.9
3 0.5-7.9 4.4-10.2 10/ 100.7 10/ 187.9
6 10/ 110.7 10/ 197.9
.7 10/ 120.7 10/. 207.9
7 10/ 130.7 10/ 217.9
0.8/13.5 0.8/218.7
10/ 141.5 10/ 228.7
4.4/1459 4.4/233.1
10/ 155.9 10/ 243.1
8.5/04.4 8.5/251.6
10/ 174.4 10/ 261.6
0 -5.4 3.9- 6.1 4.7/479.1 4.7/266.3
2.1/81.2 2.1/268.4
9.1/90.3 9.1/277.5
0.3-2.5 2.4- 4.6 10/ 200.3 10/ 287.5
0.1-2.3 3.7- 5.9 10/ 210.3 10/ 297.5
10/ 220.3 10/ 307.5
6.5/226.8 6.5/314.0
6.02328 6,0/320.0
0.8-4.0 3.9- 7.1 10/ 242.8 10/ 330.0
10/ 252.8 10/ 340
10/ 262.8 10/ 350
10/ 272.8 10/ 360
10/ 282.8 10/ 370
2.0-5.0 3.1- 5,0 10/ 292.8 10/ 380
.B-5.8 2.2- 7.2 10/ 302.8 10/ 3%0
0.1-4.9 2.6- 7.4 7.5(310.3 7.5/397.5
8.5818.8 8.5/406
0.5-7.1 3.9~10.5 10/ 328.8 10/ 416
0.5-3.4 3.6~ 6,5 10/ 338.8 10/ 426
4.3843.1 4.3/430.3
0.2-2.7 4.9- 7.4 10/ 353.1 10/ 440.3
0.6-4.1 3.4-10.5 10/ 363.1 10/ 450.3
10/ 373.1 10/ 460.3
0.7-4.1 3.6- 7.0 10/ 383.1 10/ 470.3
0.3-3.1 4.5- 7.3 10/ 393.1 10/ 480.3
10/ °403.1 10/ 490.3
3.6-5.9 2.7- 5.0 10/ 413.1 10/500.3

WEAR
INCHES

AIR/OIL
Negligible

.002/.002-.010

.001/.001

.001/negligibie

negligible/. 020

.006/.003~-.012

.001/.001

.003/.003

.005/negligible

/.048

.0065/.002

INDUSTRIES,

AL69TO16

COMMENTS

No 0.D. carbon pads

Mounting flange of o0il seal
was cut back ,020 to increase
the clamping force by 1.2 1bs.
New oil seal carbon CDJB3

Lift off occurred during
this segment of the test

Air seal

The intake N, line broke

Qil seal failed wrong carbon
mat'l used on primary face
previous life 100 hrs.

seals are still in
condition

Both
useable

INC.

sealing dam unserviceable
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ENCLOSURE I-4 (CONT'D)

SEAL- TEST PERFORMANCE SUMMARY PHASE II

LEAKAGE SCFM HOUR SEAL USED IN THIS WEAR
TEST/ TQTAL HQURS INCHES
AIR 0IL
TEST & OIL AIR SEAL QIL SEAL TOTAL SEAL SEAL AIR o1L AIR/OIL COMMENTS
5.8- 8.3 10/ 423.1 10/ 510.3
4.2- 8.6 10/ 433.1 10/ 520.3
4.4- 5.7 1.6- 2.7 3.0-4.1 10/ 443.1 10/ 530.3
4.4~ 5.1 2.9/446 2.9/523.2
4.2- 5.1 10/ 456 10/. 543.2
4.2- 5.9 10/ 466 10/ 553.2
4.4- 6.5 10/ 476 10/. 562
4.7- 7.0 0.2- 2.9 4.1-6.8 6.8/482.8 6.8/570 .001/.003 Roth seals are siil
in usable condition
13 Mobil Jet II ** 700397#6 101056B#1 12.7-38 2.2/485 2.2/572.2 /.016 il seal/shoulder
(open atmosphere) assemhly replaced
air seal shoulder
replaced,
700397%6 101056B#2 0.6/485.6 0.6/ 0.6 Air sesl repiaced
T00397T#3 101056B#2 5.9-13.2 7.8/ 7.8 7.8/ 8.4 .0005/.005 Tesl terminated
both seals are
s1ill in wusable
condition
14 Mohil Jet II*% 70049521 101056B%1 6.4-12.3 5.0/ 5.0 5.0/ 5.0 .002/.008 t terminated boih

seals are still in

(open atmosphere) -
usable condition

% A11 air seals in Phase II testing used Imco 718 steel bellow with CDJ83 carbons except the later part of test 7 and tests B, O, and 10 which used
AM350 steel bellows with 56HT carbons. The oil seals in Phase II testing; test 1 and 2 used an AM350 steel bellows with USG2777 carbons, test 3

through 8 used an AM350 steel bellow with CDJB3 carbong and test 9, 10, 11, 12, 13, and 14 used a piston type seal with a CNJB3 primary carbon.

#*%*Hjigh speed test.

RESEARCH LABORATORY SKF INDUSTRIES, INC.
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ENCLOSURE I-5

EARLY OIL SEAL AND SHOULDER DESIGN
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MODIFIED OIL SEAL DEST
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Piston Ring Seal Detail
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ATTACHMENT I

KOPPERS LETTER REPORT OF 21 NOVEMBER, 1967
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Fo4186 A

Metal Products Division, Koppers Company, Inc.
P. 0. Box 628, Baltimore, Md. 21203
Telephone 301-727-2500

November 21, 1967

SKF Industries, Inc,
Engineering & Research Center
1100 First Avenue

King of Prussia, Pa. 19406

Attention: #yr. L. B. Sibley
Project Leader Engineering

The two appavent seal failures, excessive leakage, encountered after re-
working of an AM-350 bellows seal, basically to drawing 700488, are ob-
viocusly very disconcerting. After discussing the actual test data in a
telephone conversation on 11/14/67 with Mr., Rhoads and studying the re-
guestad Tellysurf traces of both carbons and shoulder, we are still some-
silie a loss to completely rationalize the seal behavior. Although the
traces indicate some wear of the I.D. carbon pads, the sealing dam per se
3%}@%& tly remainsg essentially flat, strongly suggesting coning of the ro-
a&¢ﬁg shoulder -- high on the I.D. This coning is explainable by the
srmal gradients existing during operation and is a phenomenon generally
oted with face seals. The steady seal performance of approximately one

- aftev warm up and the sealing dam trace indicate vrather positively
stream venting was sufficient and that the pressure breakdown ascross
img face occurred only at the sealing dam; that is, as intended,
lca 11y, a %eakage in the order of 3-4 scfm represents an average

2.1 x 10”

b

& o oo

vy £ B O
oo

%
o]

=)
é

-ation continued and within approximately 1/2 hour the leakage gradually
reased to about 10 scfm. This increase could only have been caused by
e in separatlon to roughly 3.0 x 10-%4, However, this increase does
nly & change in the hydraulic pressure distribution at the sealing
ace nor a blgnzflcant change in the structural Yspring® load exerted by
the bellows. We cannot explain the change in separation in terms of seal
parameters, unless it was caused by a very small increase of the shoulder
wobble or a small increase in axial vibration amplitude, neither of which
sbserved, As long as the back pressure (bearing cavity pressure) is not
ffected by this increase in leakage, the geal performance should not be
ically affected., If for any reasons however separation 1s instantaneousl
ased in such a manner that a pressure surge can occur in a bearing cavity
al will unseat because of its sensitivity with respect to pressurve diff
. {It was stated that the pressure increased suddenly in the bearing
» to 15 psig), presumably prior to lift-off. It is concelvable, however,
¢ pressure increase preceded 1lift-off, The attached curve shows that
the structural force will be reduced by about 50%. If the AP across the seal
is reduced from 105 to 90 psi, the resulting face load may be marginal rela-

tive to acceleration, etc. Although AM-350 bellows had to be used and tem-

i
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KOPFIRS COMPANY. INC.

SKF Industries, Inc.
Mr. L. B, Sibley -2~ November 21, 1967

perature was reached for at least 1 1/2 hours, no relaxation was noted.

The above described mechanism is, in our opinion, the only one which will
explain the actual test history and the subsequent geometric analysis of
the mating surfaces.

It is obvious that the load-pressure sensitivity is not a desirable condi-
tion but exists because of the diaphragm design and welding parameters which
were common practice at the time the seals were designed and fabricated.
(Our report of 9/15/67, page 7).

Subsequent to the above described tests, in a telephone conversation with
the interested NASA personnel, they suggested that a slight increase in
initial face load, about 12%, may remedy the problem. Koppers did not then
and does not now feel that this slight increase would cause catastrophic
wear, although any face load increase was and is undesirable.

The most recent test, after relapping the parts and increasing the face

load by a total force of 1.2 1bs. (.020" x 60 1b/in.) was again unsuccessful
and visual observation of the face indicated excessive wear (pads and dam

worn off). It is my opinion that this result is not so much a result of the
face load increase, but is rather caused by upstream choking. The carbon

face of this particular seal had already been reworked several times and as
finally shipped by Koppers, the vent area was considered about minimum. It

is very probable that further reworking reduced these areas sufficiently that
unless low leakage was obtained, upstream choking would take place, unbalancing
the seal in a seating direction, resulting in an excessive face load.

These two latest results basically confirmed the conclusions reached in our
report of 9/15/67 and a subsequent meeting; that is, a face load of less

than .5 1lbs/in. is required and that a bellows diaphragm design and/or weld-
ing method must be developed insuring a spring rate not affected by pressuri-
zation.

A pisten ring seal, maybe at the cost of higher leakage, must be substituted
as the quickest "fix" of the present problem. The carbon inner pads -are de-
signed to permit the use of a shoulder incorporating hydrodynamic pockets,
Qbviously, for equal springing, this design should result in greater separa-
tion, hence higher leakage than is obtained with the plane shoulder presently
used. The small radial width of the I.D. pads of the current bellows seal do
not lend themselves to this alternate.

RESEARCH LABORATORY HGKF INDUSTRIES, INC.
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All seals supplied by Koppers to SKF Industriés for the "Supersonic
Iransport Lubrication System Investigation” consisted of hydraulically bal-
anced carbon face bellows type seals.

The selection of an inert gas (nitrogen) buffer system was predicated
on rather extensive prior experience with high temperature air-to-ocil seals
where sludging of the oil and fouling of the seals presented a seriocus opera-
tional problem,

Designs and operating conditions are as follows:
AIR SIDE

Seal Dwg. 700397 (AM-350 Bellows) Euclosure 1
Seal Dwg. 700405 (Inco 718 Bellows) Enclosure 2

&mbient Pressure: 105-110 psig

Bressure Differential: Nitrogen (Buffer Fluid) to air 5 psi
Air Temperature: 1200°F.

Nitrogen Temperature: 600-900°F.

Speed: 14,000 RPM (388 ft/sec. rubbing speed)

OIL SIDE (BEARING)

Seal Dwg. 700389 (AM-350 Bellows) Enclosure 3
Seal Dwg. 700482 (AM-350 Bellows) Enclosure 4
Seal Dwg. 700473C (Inco 718 Bellows) Enclosure 5

Pressure Differential: Nitrogen (Buffer Fluid) to bearing cavity
- (oil mist at, basically ambient pressure)
100-105 psi

Nitrogen Temperature: 600-900°F.
Bearing Cavity Temp: 500°F. and up

Speed: 14,000 RPM (388 ft/sec. rubbing speed)

I. TEST RESULTS

Before discussing seal performance it should be pointed out that
the primary function of this program is testing of oils at elevated
temperatures. Hence the lubricating and cooling specifications are de-
fined by the oil-in and out temperature, and not by seal performance.

Very eerly in the program it was found necessary to eliminate cecol-
ing oil jets on the oil side seal shoulder in order to achieve the speci-
fied test temperatures at the bearing. This limitation is contrary to
aviation gas turbine design practice where the seal shoulder is cooled by
special oil jets.

The inert gas buffer seal arrangement proposed and supplied for this
test program assumed of necessity that the gas seal would have no exter-
nal ‘cooling and therefore, by design, the pressure differential om this
Beal was made as small as practical (5 psi). On the other hand, the high
differential pressure was imposed, by design, on the oil side to take ad-
vantage of the oil cooling capabilities. Because of the limitations men-
tioned above, the oil seal cooling in "through flow testing®” was restricted
to splash or carry over from the bearing lubrication-cooling; the effective-
nesg of this type cooling is minimal.

1-29




The same seal system is used for the "oil mist™ tests. Because of
this, satisfactory seal performance was considered very marginal, at
best, at the time of the initial design. It is a known fact that heat
generation of shearing an intermittent thin oil film can cause lacquer,
earbonizatlion, excessive heat, and hence seal malfunction.

The baslic seal data of new and reworked seals (with the exception
of two Inco 718 semi-finished seals retained at Koppers plant) shipped
in the course of this develdpment are listed in Encl.®., It should be
noted that for the latest reworked seals (1967) the face loads were
appreciably increased. This increase was an attempt, not successful,
at reducing the effect of speed on leakage. It can also be noted that
some not unexpected relaxation of the AM-350 bellows occurred., It is
not believed, however, that this is a contributing factor to the inter-
mittent excessive leakage phenomenon. ‘

One structural seal failure occurred during this program. One
air side AM-350 seal was forwarded to RKoppers because of excéssive leak-
age. It was found that on the first 0.D. weld after the "housing" weld
a weld arc of about 60° had cracked. Metallographic examination dis-
e¢losed that the primary reason for the failure was an insufficient weld
-bead, Examination of the same weld in other areas revealed satisfactory
weld beads., (Coulombe®s letter of 6/24/66 to Sibley).

It is of interest to note that this weld is in compression and that
the static operating stresses are low. It might be possible that this
fracture constitutes a fatigue failure as the convolutions per se are
not damped., In contrast none of the highly stressed welds (oil seal)
failed. ‘ -

Iv summarizing the test results with respect to seals it must be
stated that as a whole they have performed very erratically, although
in quite a few instances tests were aborted but not because of seal
failure. In over a dozen cases, however, the seals did not seal properly
at speed ot trouble was experienced while attempting to attain the speci-
fied gpeed of 14,000 RPM.

Using the following arbitrary oil seal leakage nomenclature:

L. Good Leakage: Less than 5 SCFM
2, Mediocre Leakage: 5-10 SCFM
3. Poor Leakage: 10-15 SCFM

4. Unacceptable Leakage: Over 15 SCFM

10 tests showed good, 17 mediocre, 9 poor and 8 unacceptable leakages.
{In all instances, more or less steady state conditions for at least one-
"Balf hour were obtained). What seems to be significant, however, is that
mogt “good" leakage tests occurred at the beginning of the program and
that, for as yet unexplainable reasons, unacceptable leakages at speeds
s low as 8,000 RPM were recorded mostly during the second half of the
“program.



The leakage speclifications given azbove were based on zome e
performed at &%gpezﬁ some time ago with bellows seals. The AM-3
diaphvagn of these seals were identical with the ones presently used,
and sealing 950° Fa alr at 33 psig and a surface speed of 175 fr/sec,
leakages below .1 53CFM were consistently obtained for test pericds in
excess of 60 hours., It is not believed that any other than a bellows
geal can approach such low leakage figures. The cooling and lubricating
oil was admitted at 4D0°F. to the seal shoulder and bearing.

é

Tests as well as theory indicate that after a "eritical™ rubbi
spead 1z exceeded leakage remains practically constant. HWoppers is
presently engaged in & hyvdrodynamic 1ift seal progream and preliminary
testing shows that at a rubbing speed of about 100 ft/sec, a measur
finite separation of the Koppers "face™ is taking place. Beyond ti
speed {up te 300 ft/sec.) no appreciable change is recorded. This ob-
viously implies comstant leakage with speed, and the tests where leakage
increases vapidly with speed definitely do not follow this pattern.

",}
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In addition to the leskage problem, some excessive wear rates ware
recorded In some instances and evidence of oil coking at the 0.D. of
the carbon was also reported,

One test vates special mention as an oil seal with 2 faulty seal
dam dimenslon ~- large 1ifring bias -- was installed and cpersted fo
3.3 hours at 13,500 RPM at temperatures in excess of 575°F. and the re-
corded leakage of 6-8 SCFM. If the gas flow was choked on the upsiresm
{high pressure) side the resulting reduction in face load would compen
sate for this dimensional error. This hypothesis, however, is untens
because the downstream flow area was only about twice the one of the w
stream area whereas the gas density is about eight times less (15-1Z0

o

that iz, if any choking occurred, it must occur on the downstresm side,

Wnat makes this test unique is the fact that no report of sesl i
stability in reaching speed or at top speed of 13,500 RPM was recorded,
and 1f any seal 1ifted this should have been the one.

&s soon as the first report of unacceptable leakage with increased
speed was received and subsequent inspection also showed coke accumulatic
at the 0.D. vents, Koppers recommended that the 0.D. pads be cut back w}
about .003". This geometric change of the sealing face served two pu
First, to ameliorate any possible hyvdrodynamic lifting effects of 2il
lets which may accumulate in this area; and secondly, to radically iner
the downstream flow path in order to eliminate any possibility of choking
at the 0.D. pads where choking will generate a 1ifting effect. This work
was performed by SKF; the results were negative, that is, no change 1o seal
performance was noted.

& meeting of SKF, NASA and Roppers' personnel was held May 10, 1967
in order to evaluate and review the program as a whole in light ef the
test results. General agreement was reached and the following des:
changes were initiated, One seal, incorporating all changes list
low was shipped and was to be used In an endurance test which would
nate the existing program.

=
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Koppers was of the opinion that the damper and finger spring
bly, items 11 and 12 of Enclosure 4{drawing 700482-A),
may have caused "mechanical’ hanging of the seal, These
parts were remachined to eliminate this possibility.

The flow area of the downstream vents was doubled to eliminate all
poselibility of choking.

Wear measurements of both carbon face and to & lesser extent the
shoulder face had indicated I.D. (carbon) contact (diverging flow).

- To reduce the start-up leakage it was decided to taper the area of

the pads inside the I.D. dam Enclosure 7, (drawing 700482-6)
to insure tnitial I.D., dam sealing.

To minimize the possible effect of "shrinking” the shaft shoulder
onto the shaft during operation and thus distort the lapped flat
sealing face, a radial "spring"” was machined integral with the
shoulder at the I.D. Enclosure 8 (drawing 700473-10A).

iz was also decided to decrease the face load slightly to about
& #/In. in order to insure better performance. The seal as
shipped (AM-350 -- see following discussion) was statically cali-
brated in its final configuration with the following results. As
can be noted, reduction in face load was not possible.

Static Pressure Seating Force Face Load

POIC LEBS, LBS/IN
103 11 .550
83 7 1/4 . 362

12 5 1/4 .262
60 3 1/4 .162
50 1 1/4 .062
45 3 1/4 162
34 5 1/4 +262
28 7 1/4 .362
20 9 174 462
10 13 1/4 .662
0 16 .80

{(Ron-pressurized bellows spring scale: 60 #/In.)
Une Inco 718 seal assembly, incorporating all changes was to be
ghipped to SKF for final test. FKoppers was not able to balance

this seal properly and in order not to further delay the final
endurance test, the above described AM-350 seal was shipped.

The vig was rebuilt and the final endurance test was started,

hgain, trouble was experienced inm reaching the 14,000 RPM level and

leakage was excessive, The test had to be stopped.
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in addition to the excessive leakage, the measurements Iindicared
high rates of wear, .015" on the air side and .010" on the oil side
after only 9.7 hours of operation. The large wear can definitely
explained by the variations of the nitrogen buffer pressure which con-
gtituted an attempt to reduce the oil seal leakage.

8) AIR SEAL--This seal is designed for inward flow, sealing & small
differential. Due to the high thermal enviromnment the face loadings
were held to a minimum, about .45 #/In. This minimum is determined by
the contact lead to which wear allowance and the dimensional stackug
pust be added. TIn increasing the buffer pressure an unseating force
13 ecreated. (For the low differential the bellows spring scale is
assumed to remain constant at 60 #/In.). It is not believed that this
unseating force actually caused an unseating of the seal. In reversing
the flow, decresasing the nitrogen buffer pressure, the face loading is
drastically increased., This results in a breakdown of the gas film and
hence a large increase in frictional heat input into the rotating shoulder
and stationary carbom. In addition, the gas flow across the carbon changes
from the inert nitrogen to oxidizing air. Film breakdown causing excessive
heating and the air flow will result in a large mechanical wear rate in
addition to face deterioration due to oxidation.

b)Y OIL SEAL--The reduction in buffer pressure will also adver
affect the wear rate of the oil seal because the gas leakage chan g@
from mnitrogen to either nitrogen greatly contaminated with air, or
alr. The veduction of pressure in the buffer cavity may or may not
increase the face load depending on the pressure level (effect of h@iwswg
spring rate). Increasing the buffer pressure, although elimimating th
pitrogen-air flow across the seal, will drastically increase the face L@@dg
hence wear.

5

_3
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It seems, therefore, that the change in pressure wag detrimental %
respect to wear of both seals. It should also be mentioned that cnce
wear rates have been established, the wear debris will cause excessive
separation and additional flow paths, hence unacceptable seal leakage.

o i o

ga, oy

The initially observed phenomenon of a large increase in leakage at
about 12,000 RPM is, however, not explained by the above discussion.

ORIGINAL SEAL DESIGN

The basic Koppers bellows seal design is characterized by three
features:

§/9

1. Past experience with operating bellows seals in a gaseous enviromment
pointed to the necessity of incorporating en axial damping device
into the design. In this application a series of leaf sprimgs w
supply axial frictional damping to the carbon seal end and will
effective for excitation originating at the rotating shoulder. T“@
damping device is not necessarily effective in suppressing natura
bellows frequencies once excitated.
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arbon wearing ving is retained within a metallic retainer

ans of a shrink £it, 7The design is such that the resultant
nkage forces, which will obviously vary with temperature, pro-
& minimum twisting moment (resultant shrinkage force vector

as close to the carbon centroid as possible) hence reduces the
sealing face distortion to a minimum., The back of the carbon ring
ls vented to downstream pressure to eliminate any pressure build up
im this ares which would cause not only face distortion, but also
may result in an axial shift of the carbon ring proper.

e g

ne Koppers grooved and padded face geometry has in dozens of appli-
cations proven to be far superior with respect to wear for high speed
nd high temperature gas operation than the customary single dam con-
figuration, Obviously, this geometry was incorporated in the initial
design.

A3 slready mentioned, the pads, especially on the high density fluid
silde, generate a lifting effect (face separation) which mot only results
in éﬁWﬁring the seal torque, but reduces seal wear.

Eoppers extended experience with gas seal operation has made it
abundantly clear that for operation at the temperatures and speeds en-
countered in these tests, the specific face loading (lbs. per inch of
civeumferénce) must be kept below .5 #/In. if at all possible. A load
L5 #/In, will permit a "wobble" of the rotating shoulder or a combina-
iom of an axial excursion at shaft frequency plus wobble of .0015" TIR
thout causing separation.

In ordey to obtain minimum start up lezkages, the inner pads were
cut back by about .00075 T .00025" thus insuring immediate sealing at
the 1.D. of the sealing dam.

It has been known for quite some time that the present bellows dia-
phragm design (basically nesting) employed by Koppers resulte in a seal
2 load which ig greatly affected by pressure. In order to assure sat-
isfactory face loadings, all bellows seals were and are static pressure
tested st room temperature.

It is vealized that at operating temperatures the Young's moduli of
both 4M-350 and Inco 718 are reduced by about 15% to 20% and this is taken
{into account in releasing the seal for shipment.

The selection of the bellows material was predicated on manufacturing

pxperience, hence the selection of AM-350 for the initial seals. Although
Iunce: 718 has better thermal physical characteristics than AM-350 at tem-
peratures sbove about 950°F, some experimentation with preparation of the

material prior to welding had to be undertaken as the oxide films on the
cumercially available sheets must be completely removed in order to ob-
rain sound welds., In this respect it is worthwhile to mention that since
the inception of this program Koppers has been successful in welding .006"
Udimet 630 sheet, a material with much better thermal capabilities than

o 718, It must be emphasized, however, that the preparation of Udimet
%3@ sheets prior to welding is extremely costly, especially if only a few
pounds of material are required,

&
&
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SEAL REDESIGH

ALl tests, Iincluding the final aborted endurance test, pointed out

three main areas where seal performance must be improved and design
changes are indicated:

1.

r—”—-.@%@ -.023 PLATE .

Hear

As already mentioned, the face loading of .5 #/In. and above is too
high for long term operation at the specified temperatures and speeds.
Although separation will eventually occur at a rather modevrate rub-
bing speed, the amount of separation and the speed at which lifting
begins are greatly affected by load. The ideal seal bellows should
therefore have & hydraulic diameter and spring scale, the latter as
low as possible, not affected by pressurization. Constancy of these
two veriables definitely implies constancy of span (0.D. minus I.D.)
hence & bellows diaphragm configuration less susceptible to pressure
should be substituted for the present one.

Because of the pressure balancing difficulties encountered with bel-
lows seale supplied over the last several years, considerable work
has been expended by Eoppers im this area in order to definme the
causes of the seating force change in function of pressure. Tt can
be definitely shown by experiment and the data can be correlated
qualitatively by theory that the spring scale of the existing dia-
phragms increases as an exponential function (exponent >1) with in-
creasing pressure. Such a drastic change is incompatible with a
d#pecification of maximum face load at pressure of say .35 #/In. tal
into account tolerance stackup {(operating length) and wear. Assunmi
& total allowance of .080 for this purpose, a difference in lcad o
4.5 1bs, or .225 #/In. can ocecur, practically half of the maximum per-
missible face load. The balance of about .2 #/In. is generally encugh
to insure satisfactory seal performance.

«\ ne

It is therefore recommended to investigate, both from a manufacturing
and empirical point of view, a sandwich type design which could utilize
the existing forming dies. A second alternate is to change the diap!
shape to either a Bellville or cantilever type, which will require nes
tooling.

EXISTING ||
7 DIAPHRAGM ||

i
=
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cesolved as yet (static pressure effect on spring scale of

lows) is the difference of behavior between AM-350 and Inco 718
ellows, Both diaphragms sre formed with the same dies, and weld-
ing and heat treat fixtures are identical. Young®’s modulus and
Poisson’s ratioc are also practically the same, Hence, any differ-
ence in the force-deflection relationship must be caused by a differ-
ence in geometry. The relaxation due to the thermal operating con-
ditions noted with AM-350 makes it, however, imperative to change

to Inco 718, '

The behavior pattern of Inco 718 was such that in order to obtain
er fece loading at pressure the bellows lifted off during the
atie tests at intermediate pressures. This behavior pattern was
the reason that AM-350 had to be substituted for the initially
gpecified Inco 718 bellows scheduled for the enduvance test.

It is therefore suggested that Koppers be permitted to section one
bellows each to compare the convolution shape.

2, 011 Coking and 01l Lacquering

A& windback design requiring a different shoulder configuration will
probably ameliorate if not necessarily eliminate the problem., Such

an arrangement is considered to be necessary for all "mist-throw away”
tests, '

—"COUNTER CLOCK-WISE
THREAD -

LOW EFFICIEN
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Excessive Leakage

This appears to be the most serious problem; the mechanism or
cause of this phenomenon has not been determined as yet.

If the sealing face is designed for a large pressure differen-
tial (balance diameter or hydraulic diameter Is constant) a reduction
in pressure results in a seating bilas thus increasing the face load.
(This conclusion is based on a nonlinear quadratic pressure profile
over the sealing dam). Hence, reducing pressure will not unseat a
seal. This fact is emphasized im case that the pressures are inad-
vertently reduced while the speed is increased.

It is safe to assume that during operation the mating sealing sur-
faces of the stationary carbon and rotating shoulder will not remain
flat. The design, as previously mentioned, attempts to minimize ther-
mally caused carbon face distortioms; the shoulder, however, probably
distorts thermally as shown.

_HEAT INPUT DUE TO FRICTION
[O0R VISCOUS SHEAR

~FACE : THERMAL DISTORTION

- RELATIVELY
COoL Ol MIST

y POSSIBLE F[‘DORCE GEN ERATED BY
L THERMAL FF :

—Z /)  DIFFERENCE IN COEFFICIENTS -

OF THERMAL EXPANS|ON BETWEEN

 SHAFT AND SHOULDER

W\/

FI1G., 3

From the sketch it can be deduced that the thermal condition, at least
for steady state operation, will cause initially I.D. bearing of the
seal carbon and the resultant geometry of the seal face is described in
Fig. 4.

fesd
i

)
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= SHOULDER

“hiT

"= CARBON -

DIVERGING _CONICITY _

17" 0UTWARD FlLow. = =T

T Fla. 4

It becomes obvious that diverging conicity will always increase
but never decrease the face load, due to the fact that the pres-
gure breskdown across the sealing dam becomes more rapid than

would be encountered with a parallel path.
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The following hypothesis describes a mechanism which will result in a
converging flow path and hence tend to unseat the seal.

'

TNITIAL DESIGN

o

-?77

KSHO\)LDER (HoT)  REVISED DESIGN
e . \

HOULDER
(HOT)

=8
— L

~"WGRN CARBON

0023 T

6020

‘BOTH DESIGNS ARE IDENTICALWITH RESPECT
0 THE EFFECT OF THERMAL ROTATION ON THE FLOW PATH

FIG. 5

From Fig. 3 (heat flux and possible "expanding" force) it can be deduced
that initial contact, as was intended, will take place at "A" (Fig. 35).
Any wear, shown by dotted line of Fig. 5, will move intersection “C" out-
If, after any wear has taken place and
either force (Fs) or heat input(Q) or beoth reduce while reaching steady
state condition, the angle o becomes smaller and point "CV represents the

ward, in the extreme to edge "BY.

Poivot" for this secondary rotation.

path, resulting in a "1ifting"” bilas at the sealing face.

The net effect is a converging flow

I-39
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Tn the case "C" remains within the sealing dam (unlikely), the flow
path becomes converging-diverging (venturi like cross section). If "C"
moves outwardly beyond the dam, true convergence is obtained. Total wear
in the order of .000020" to .000040" will move point "C" beyond the sealing
dam.

A second possibility to increase separation is as follows:

I1f higher harmonic axial frequencies than the fundamental rig fre-
guency are generated in the adjacent bearings, unseating of the seal could
occur, A double samplitude of .0002 for the fourth harmonic of 12,000 RPM
will result in an accelerating force which would cause unseating. (The
weight of the carbon end equals 1.536 1bs.).

e to the very high frequency which would be necessary to overcome
the structural face load it is believed that the "squeeze" film will trans-
mit the motion with very little damping; i.e., amplitude reduction, to the
carbon face, :

As can be deduced from these discussions, the cause of the somewhat
erratic seal behavior has not yet been defined too clearly. The follow-
ing suggested design changes will, however, have a beneficial effect.

L. Eliminate undercutting of the I.D. pads; the complete carbon
gealing face to be lapped flat.

Z. Since inception of this program U. S. Graphite has submitted
to Koppers for test a new grade of carbon, 2866. The wear-
load-temperature results show it to be superior to the pres-
ently used 2777. Although CDJ-83 is widely used (nmever in
this program) its relatively high modulus and low coefficient
of thermal expansion makes this grade sensitive with respect
to deformation due to changes in the thermal level,

(5

. Replace steel shoulder with a sprung tungsten carbide shoulder.
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Thermal coefficient of expansion of tungsten carbide (4 x 10-6)
is lower than the one for AMS-6322 (6.5 x 10’6). New Design :
gero moment. Any pressure or thermally induced deformations will
be reduced because of higher modulus 90 to(30x10'6) and better
thermal conductivity (41 to 25).

Last, but maybe most importantly, all seals before shipment

should be dynamically tested at ambient temperature but at pres-

sure and speed. (Without considerable expenditures it is pres-

ently not possible to test at temperature). The basic test apparatus,
instrumentation as well as air supply, is available and only seal
adaptors would have to be supplied.

1f£, during this test, seal leakage remains substantially constant
with speed, but the erratic seal behavior continues during bearing
testing the two previously discussed somewhat hypothetical causes
must be eliminated if at all possible.

a) - Axial high frequency-low amplitude vibratioms. It might be
necessary to resort to a different and/or additional damping
device, as shown on Fig. 7.

b) Reduce thermal shouldef distortions by means of cooling.

“DAMPING SPRING




=14

SUMMARY AND RECOMMENDATIONS AFFECTING SEAL DESIGN

Although the reasons for the frequent erratic and, at times, ex-
cessive seal leakage have not been completely ascertained, it is be-
lieved to be associated with either a wear problem or rig performance
per se. Steps are being suggested which should substantially reduce
the wear rate and should also ameliorate the existing thermal deforma-
tions and their secondary effects on seal performance., It must, however,
be emphasized that in quite a few instances the seals performed very well
and, therefore, it is Koppers®' opinion that the basic design does not re-
guire s complete revision,

The following seven changes affecting seal design are proposed:

i
2

By changing the basic bellows diaphragm design dependence of bellows
apring scale on pressure is reduced; at best, constancy of scale is
obtained,

2. Relaxation of the AM-350 diaphragms makes it mandatory to replace
this material with Inco 718. Investigate the cause of the difference
{cold) in bellows behavior for these two materials.

3. To reduce seal coking incorporate a windback (low efficiency Visco
seal). This, however, will require a basic geometric change of the
shoulder 0.D. '

&, Complete carbon sealing face to be lapped flat. (No undercutting
or chamfering of I.D. pads).

5. Replace existing carbons (USG 2777, and National CDJ-83 which was
never used) with USG 2866. Koppers' data indicate this to be a
superior grade to USG 2777.

6. Replace AMS-6322 oil seal shoulder with a “sprung" tungsten carbide
shoulder (higher modulus and larger coefficient of thermal conduc-
givity).

7 041 seals to be dynamically tested (cold) at Koppers up to maximum
speed and pressure.



ENCLOSURE 1

AM-350 BELLOWS AIR SEAL
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ENCLOSURE 5
INCO 718 BELLOWS OIL SEAL
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FRIBGA - RE0 - 14 76 X 18,33

$h-1

ORIGINAL NOVEMBER 1966 FEB. MARCH, APRIL 1967
Load at Net Face Load at Net Face
Ser. Free Spring Opr. Balance Load Free Spring Opt; Balance Load Free Spring Load Balance Net Face
No Length Rate Length Dia. w/1in, Length Rate Length Dia, #/In, Length Rate Op.L. Dia. Load #/In.
Bellows (at 105 psi) (at 90 psi)
0il Side
700389 1 1.442 65.3 16.7 6.452 . 490 1.496 T6/69%% 23.0 Not Ck. .48 1,355 60.0 10.1 6.374 1.33
(AM-350) 2 1.455 63.7 17.0 6.414 .540
4 1.438 66.9 16.8 6.415 .510 R 1,405 65.0 13.1 6.373 .91
8 1.506 61.0 19.5 6.416 . 430 1.448 62% 16.2 Not Ck. L63% 1,440 60.0 15.3 6.3682 .805
9 1.489 67.1 20.0 6.416 L 4T 1.415 60.5 13.8 6.378 1.25
10 1,457 61.5 16.6 6.416 . 400
Ajr Side (at 5 psi)
700397
(AM-350) 3 1.358 67.0 11.5 6.287 . 503
5 1.327 61.7 8.6 6.287 .372
6 1.319 59.7 7.9 6.287 .353
7 1.348 62.0 10.0 6.287 . 469
Air Side N
700405
(Inco 718) 1 1.327 55.0 7.1 6.287 .388
0il Side 2 1.372 54.1 10,1 6.287 . 467 1,335 67.5 10.1 6.350 .86
700473 (In~-flow) (outflow)

(700405 Conv.
to 0il Seal)
(Inco 718}

* Doubled 0. D. Vents
*%  Cleaned
=%% Almost Worn Out

SINBWIYOASYIN STYaAS LSIL
9 3YNSOTIONI
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ENCLOSURE 8
IMPROGVED SEAL SHOULDER DESIGN
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ATTACHMENT III

KOPPERS REPORT ~ EVALUATION OF HYDRODYNAMIC SEAL AFTER 100 HOURS

TESTING

RESEARCH LABORATORY SkF INDUSTRIES, INC.
I-51



Metal Products Division, Koppers Company, Inc.
P. 0. Box 628, Baltimors, Md, 21203
Telephone 301-727-2500

August 20, 1968

SK¥ Industries, Inc.
Engineering & Research Center
1100 First Ave.

King of Prussia, Pa. 19406

Mr., Wm. Rhoads

d odynamic Seal After 100 hrs. Test at SKF
oppers P/N 101056
eturned for Evaluation

o] ?ﬁ ”“

The "as returned" seal was examined externally and internally before recondition-
ing was done on this seal.

T Ly, it was observed on the Nz side of the seal that varnish or coke line
existed on the area of the housing suggesting that at some time in its operation,
he se: iooded with oil and gradually "drled out” 1eav1ng the observed var-

approximately .005 .010 thick, on the 0.D. surface of
face pads. No coke was evident in the face seal grooves or on the
The seal shoulder had a thin layer of coke deposited between the
0.D. of the sealing dam and the I.D. of the outer pads,

v opinion that extermally the seal appeared to be in fine condition ex-
swmall varnish deposits, The surface of the carbon had only minor score
the 1.D. hydrodynamic pad. The seal shoulder had no more than a tiny
of deposits in the hydrodynanic pockets.,

In detail, after disassembly, each major item of the seal is comsidered.

o

eal Housing (Enclosure 1)

The lower 1/3 of the internal seal housing was coated rather heavily with
= and varnish, The seat face where the piston ring seats was in ex-

rotation lock bosses were heavily coated with varnish; the lower one had
soke extending into the carbon insert bore.

: ring guides were coated with coke, heaviest in the lower 1/3 where
flooded with oil., The spring guides were examined for possible leakage
of -gas past the riveted area; none was found, The flange showed heavy
warking under the flange bolt heads - the flange did not appear to be dis-
torted however.

Ty




KOPPERS COMPANY, INC.

SKF Industries, Inc.
Mr. Wm, Rhoads -2- ' August 20, 1908

Springs (Encloéure 2)

Several springs were heavily covered with coke, the remainder had var-
nish only., Eleven of the 18 springs checked in free length with original
specified in the drawing. The remaining 7 springs had varying set between
2% and 8% max.

Piston Ring (Enclosure 3)

The sealing side face of the piston ring was in excellent condition with
no wear evident. The locality of the side face which was exposed to the
flooded "oil level" had some minor residue, The 0.D. of the piston ring
showed 1007% bearing contact with the seal ring bore. About 10 varying
spaced areas showed "wire cutting" lines on the seal dam; this required
10X magnification to clearly define the condition. The side face on the
upstream side of the piston ring had a heavy layer of varnish in the areca
presumed to have been flooded with oil.

Face Seal Ring (Enclosure 4)

Considerable varnish and coke was found on the areas flooded with oil. The
bore of the ring in which the piston ring bears was in excellent condirio
except for the local varnish deposits. The burnish of the bore clearly
dicated excellent piston contact with the seal ring bore.

L
[N
jau]

i

On the face, the I.D. pads presented z glazed surface with winor line
scoring. fhe center dam was dull with no evidence of rubbing contact wi
the shoulder. 0.D. pads were highly burnished. Data taken for Lhe se
face profile are tabulated on an attached shect; the seal face had the
radial profile shown by the measurements while the civcumferential profil
was a plane except for one spot approximately 1 1/2" long which was very
slightly below the plane '

Rotation Lock Pins & Rotationm Lock Bushings

These were found to be in excellent condition except for the varnish and
coke residue., The rotation locks were tight indicating the torgue developad
did not overstress the fasteners.

Shoulder (Enclosure 5)

The surface condition of the carbide overlay is regarded as excellent, It
was noted the residue accumulation in hydrodynamic pockets was no more the

a few percent of the total pocket area. 1t was noted that burnish %prte e
isted at each of the pressure balance bleed (caused by localized thermal
deflecticn). The "rubbing" area between center dam and 0.D. pads I
thin deposit assumed to be a coke type residue. It was poted that
of the shoulder was coated with a tough, tightly adherent varnich
{(which could change heat transfer and thetmal deflection grcs tlvy.




Ine.
-3 v August 20, 1968

To sunmarize, it appears that the formation of varnish and coke residues in local
{pgen&biy due to flooding at some time) would have certainly affected the
e performance of the seal. It is likely that the varnish films cecused local
tion of the piston ring from its seat face and from the bore of the seal
These residues also would impede the axial freedom of movement of the seal

'k appears to be moderately effective in controlling oil reaching the

the seal, but it is also quite clear that the rate of deposit in the
severely limit the useful operational life. With respect to the
residue line, this may be a test rig condition which possibly occurred
the Nitrogen fa11ure emergency shutdown,

The profile of the carbons (Enclosure 6) suggests that the primary
ihermal rotation of the seal parts sections takes place in the seal
ring and only a small percentage in the shoulder. The high elastic
odulus of the CDJ-83 carbon is a mjor factor in the thermal
atation of the seal ring.

g

Lt is not clear to us why some of the Inconel X springs took a higher set than
thers. In terms of face load change, the set observed in the 7 springs is es-
ted to represent only 5-67 of the normal design spring load.

itioning of the seal consisted of:
1. Removal of the varnish and coke from all parts.

2. Touch lap side face of piston ring to remove residuzal varnish.

Rad

Relap face seal ring.
4, Burnish shoulder to remove residues (no material removal).
5. Replace all Inconel X springs (only parts replaced).

6, Assemble,

The only. area where design change is considered involves the relative position of
spring guldes and rivets in the face seal ring. The springs slipped neatly over

]
g

he 0.D, of the rivet heads and in no way affected operation of the seal. However,
a ﬁlfﬁﬁmeZEHtlal displacement of three spring guides is contemplated to assure
fhhat no problem can develop with use in this area.
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ENCLOSURE 1

INTERNAL SEAL HOUSING
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ENCLOSURE 2

SEAL. RING AND SPRINGS
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ENCLOSURE 3

RING

PISTON RING SECONDARY SEAL. SHOWING COKE IN BOBRE OF SEALING
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ENCLOSURE 4

CARBON FACE SEAL RING

FACE seEaL RiNe
100 KRS USE




ENCLOSURE 5

HYDRODYNAMIC LIFT DESIGN SHOULDE
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101056 SWOULDER
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ENCLOSURE 6

SEAL FACE RADIAL PROFILE
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KOPPERS REPORT - EVALUATION OF FACE SEALS USED IN

£ & [F LUBRICATION INVESTIGATION - PHASE II

RESEARCH LABORATORY SkKF

INDUSTRIES,

T
I-61



KOPPERS COMPANY, INC.
METAL PRODUCTS DIVISION
PISTON RING & SEAL DEPARTMENT
BALTIMORE, MD.

EVALUATION OF FACE SEALS USED IN

SKF LUBRICATION SYSTEM INVESTIGATION -- PHASE II

Prepared By:

Date:'

7.C Wb

T. C. FKuchler, Tech.Consl't.

oo [ B, b
/

Meyer (.. Ruthenberg
Seal Engineer

E:'Ag ‘JCLaxbﬁau@f£@412
E. J. Taschenberg
Senior Design Engineer

March 27, 1970




INTRODUCTILON:

After failure of the oil side bellows seal to operate satisfactorily for
any extended length of time, it was decided by mutual agreement (SKF,
NASA and Koppers)} to replace these bellows seals with a face seal using
a piston ring secondary seal, 1In this design the piston ring bore (bal-
ance diameter) is not affected by the operating pressures.

Since the inception of this program, dating back to 1965, Koppers did

and is still doing development work in the area of hydrodynamic 1ift seals.
The experience gained up to the end of 1967 was incorporated in the designs
of the seals mentioned above.

The following remarks represent a summarization and discussion of the
seal performance, general appearance, and surface conditions of the "wear™
areas.

HISTORY:

The following summavrized history is based on information transmitted to
Roppers by SKF Industries and, to the best of our knowledge, is correct.

A, Piston Ring Seal (101056, S/N 1 Seal and Shoulder)
Bellows Seal (700397, S/N 6 Seal and S/N 1 Shoulder)

The above seals were incorporated in five tests:

1. 50 Hr. Test with air buffer at 14,000 RPM

2. 50 Hr. Test with N, buffer at 14,000 RPM

Note: Above bellows seal assembly not used in these two tests.

3. 250 Hr. Endurance Test with N buffer at 14,000 RPM

4. 250 Hr. Endurance Test with N, buffer at 14,000 RPM

5. High Speed Test at 14,000 RPM and above, alr buffer
During both 50 Hr. tests the above piston ring seal was used. The bellows
seal assembly used in these two tests was 700397, S/N 2 seal and a 700405
shoulder. This particular seal assembly and shoulder were not sent to
Koppers for inspection. After completion of these two 50 Hr. tests the
piston ring seal and shoulder were shipped back to Koppers for inspection.
At that time the seal ring face was relapped and the shoulder was burnished

to remove residues. 1In our opinion, externally, the seals appeared to be
in fine conditiom.’

! Report "Hydrodynamic Seal After 100 Hrs. Test™, Aug. 20, 1968 by E. J.
Taschenberg submitted to SKF Industries,

I-63




ig point the first 250 Hr. test had been started. The previous
o s seal and shoulder were replaced with 700397, $/N 6 seal and
the 5/8 1 shoulder because of extreme leakage (21-22 SCFM). The pis-
ton ring seal $/N 1 and shoulder S/N 1 had not been received by SKF,
fore the 101056, S/N 2 seal and shoulder were used. After 13 hours

into the test the S/N 1 piston ring seal and shoulder were received by
SKF and replaced the S/N 2 piston ring seal and shoulder. The S/N 2
seal having been fitted with the wrong carbon was sent back to Koppers

and refitted with a new carbon. From this point on, the piston ring
seal and shoulder 101056, S/N 1 and the bellows seal 700397, S/N 6

and shoulder $/N 1 were used throughout all the testing. Between the
two 250 Hr. endurance tests the seals had been inspected. 1In doing so
the piston ring had been broken. The piston ring seal was shipped to
Koppers for repair. The seal was shipped back to SKF with no recon-
ditioning other than replacing the piston ring.

The operating pressures during the tests were as follows:
a) Downstream side of bellows seal (air side) 106 psig.
b} Buffer gas between seals 111 psig.

¢) Downstream side of piston ring seal (bearing cavity, oil side)
6 psig.

Note: Bearing cavity was not at atmospheric pressure due to
thrust loading requirements.

Tn the 50 Hr. air test at 14,000 RPM the rig was stopped and started in
approximately 10 Hr. intervals. In the beginning of the test leakages
were in the range of 10.2 to 9.3 SCFM (the 1st 20 hours) In the follow-
ing intervals, leakages all fell within the range of 4.2 to 6.6 SCFM.

The wear encountered on the 101056, S/N 1 seal face during the first

50 Hrs. of testing with air buffer was approximately .0025". The next

50 Hr. test was rum with a Ny buffer at 14,000 RPM. During this test
laskages were approximately the same as in the air buffer test. Upon in-
spection there was no further wear of the seal face.

{Note: Operating temperatures for the above two tests were in the
same general range as in the endurance tests, except that
bearing cavity temperature was approximately 450°F. in the
air test.)

At the outset of the first endurance test, the leakages were high, being
in the range of 8.5 to 12.7 SCFM. Leakage settled down after the first
20 hours and throughout the test ranged from 3 to 17.7 SCFM, although
average leakage was’ approximately in the 5-7 SCFM range. The seals were
inspected after the first 250 hours and the 101056, S/N 1 seal face en-
countered .002" wear.

411 leakage rates are a combination of piston ring seal and bellows seal
leskage.
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During the endurance test the operating temperatures were as follows:

a) Downstream side of bellows seal (air side) 1150°F. average
temperature. This reading was monitored from a thermocouple
immersed in the air flow near the shoulder.

b) Buffer gas between seals - temperature was not monitored,

¢} Downs'ream side of piston ring seal (bearing cavity, oil side)
630°F. average temperature. This reading was also monitored
from a thermocouple immersed in the envirommental cavity.

During the endurance test, bearing race temperatures were monitored from

a thermocouple buried in the outer race of the bearing. The average tem-
perature during the first endurance test was between 640°F-670°F. Also,
0il inlet temperature of the cooling oil jet for the hydrodynamic shoulder
was recorded to be in the range of 500°F-515°F. at a flow of 1.5-2 gpm.

The second endurance test leakage results, operating pressures and tem-
peratures were in the same range as the first. After external examins-
tion of the seals it was found that the 101056, S/N 1 seal face encountered
an additional .003" wear. The seals were judged acceptable for the high
speed test, '

In the high speed test the seals ran approximately 3.1 hours at 14,000
RPM. 1In going to 16,000 RPM it was observed that the bearing cavity
pressure had gone from 6 to 20 psig while total leakage went from L5 to

38 SCFM. At this point the rig was shut down. During this time the cool-
ing oil inlet temperature was approximately 380°F to 410°F. and the flow
went from 2 to 1 gpm. Results upon inspection are covered in another
section of this report. The approximate time accumulated on each seal

is as follows:

a) Piston ring seal and shoulder 161056, S/N 1 - 573.1 hours

b) Bellows seal 700397, S/N 6 and shoulder 700397, S/N 1 - 483.1 hours

B. Piston Ring Seal (101056, S/N 2 seal and shoulder)
Bellows Seal (700397, S/N 3 seal and 700405, S/N 1 shoulder)

These seals ran in one high speed test ranging in speed from 16,000 to
20,000 RPM. Upon start-up of the test, high leakage occurred. At this
time the bellows air shoulder was changed from 700397, S/N 1 to 700405,

S/N 1. This did not solve the lezkage problem and the bellows seal 700397
was switched from S/N 6 to S/N 3. It was observed that the S/N 6 bellows
had relaxed, This final set of seals, the piston ring seal and shoulder
101056, S/N 2 and the bellows seal 700397, S/N 3 and shoulder 700405, S/N 1
ran throughout this set of testing.

The operating pressures in this test were the same as in the previous set
of testing. 1In the beginning of the test the leakage rate at 14,000 RPM
was in the range of 11,9-13.2 SCFM. At 16,000 RPM the leakage range was




L to 6.8 SCFM. 1In going to 18,000 RPM a problem arose in the rig's
belt drive at which time the rig was shut down. Before shutting down a
leakage measurement of 8.9 SCFM was recorded. Building back up to 18,000
RPM, the leakage rate dropped to a range of 7.6 to 5.9 SCFM. At 20,000
RPM the only recorded leakage measurement was 8.1 SCFM. The time at
speeds was as follows:

a) 16,000 RPM - 2.0 h

b) 18,000 RPM - 2.5 hours

cy 20,000 RPM - 0.7 h
The total running time of the seals was approximately 8 hours. The bal-
ance of the running time was at intermittent intervals due to various
alignment problems with the belt drive.

Operating temperatures during this test were:

a) Downstream side of bellows seal (air side) average temperature
was 975°F-980°F. Measured in same manner as before.

b) Buffer gas between seals., Temperature was not monitored,

¢} Downstream side of piston ring seal (bearing cavity, oil side)

14,000 RPM - 445 Avg. temp. (°F)
16,000 RPM - 485 Avg. temp. (°F)
18,000 RPM - 545 Avg. temp. (°F)
20,000 RPM - 560-630 Avg. temp. (°F)

0il inlet temperature of the cooling oil jet was as follows:

18,000 RPM Avg. Temp. 350°F - .75 gpm
18,000 RPM Avg. Temp. 450°F - 2 gpm
20,000 RPM The oil flow was never above 1.5 gpm.

No temperature readings were recorded.
At shut down the oil flow was 1 gpm.

After shut down the bearing cavity temperature was observed to be rising
rapidly. Inspection revealed a fire in the bearing cavity. Upon in-
spection the clamping ring for the bellows shoulder was found to have
taken a permanent set which increased the clamping ring by 1/16" on diam-
eter when measured cold. (Note: This was not discovered until after

the fire).

Upon completion of all testing the four assemblies were sent back to

Koppers Company for inspection. Observations and comments are covered
in the following sections of this report.
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VISUAL EXAMINATION AND COMMENTS:

0il Seals - Drawing 101056 Seal, S/N 1

The seal operated at test conditions in excess of 500 hours. The
condition of the seal is reported by SKF prior to reuse of the

seal at higher speeds. The condition of the seal as observed follow-
ing termination of a high speed test is described here.

The seal face indicated wear damage had occurred; the edges of the
pads and seal dam show rounding, which is to be expected in terms
of the condition of the wear surface of the shoulder.

Internal examination of this seal is comsidered most significant
since it had not been opened following completion of the endurance
testing. The outer diameters and outer surfaces of the seal ring
had thin layers of wvarnish. The internal surfaces of the seal hous-
ing also were covered with varnish excluding the area immediately
adjacent to the piston ring. Springs were coated with thin varnish
and a deeper accumulation was found on the outer surface of the ro-
tation lock bosses in the housing.

The area in the bore of the face seal ring where the piston ring
seats was virtually free of varnish deposits. The piston ring it-
self was also free of deposits.

It is rather clear that while the windback (and its housing) does
not completely prevent oil from reaching the internal seal surfaces,
it masks sufficiently to keep the area of the secondary seal (piston
ring) virtually free of oil deposits.

The piston ring had seated on the bore of the seal ring (seating wear
evident). The surfaces were in excellent condition. Very slight
erosion marks were noted on the piston ring sealing dam. The adjacent
bore of the seal ring showed one mark next to the piston ring where
possible contact between this bore and the housing toock place (the
length about 20° arc). This damage was superficial and would have had
negligible effect on sealing in that area.

The rotation lock pins and the bosses were in excellent condition al-
though a thin layer of varnish was found on these pieces. Wear was
not evident and it is highly unlikely that the rotation locks in any
way disturbed the free operation of the seal.

Shoulder S/N 1 (101056)

This part was badly worn during the attempt to operate at the higher
speeds before termination of its use., The hydrodynamic pockets were
worn away and a wear track was developed on the surface which ranged

in depth approximately .001" to more than .008" at a 180° to the minimum
depth. '
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This shoulder had a gross "saddle"” shape on the face away from the
sealing face, One of the high points on this face was coincident
with the ares where the .001" depth was observed on the sealing face.
It appears that clamping distortion was present during the operation
of this seal,

Bellows Seal (700397, S/N 6)

The overall condition of this seal was good with the exception that
the bellows had taken a permanent set, reflected in a short free
length., The carbon face was in good condition and did not show dis-
tress due to many hours of use. Obviously, the seal operated at a
raduced face load compared to the new seal; however, the net load
rvemained sufficient to seal satisfactorily based on reported leakage
rates during the endurance testing.

Shoulder (S/N 1) - 700397

The wear track was highly glazed with light scoring present. In
one small area (possibly 3/64 dia.), a spall or pull out of the
coating had taken place in the wear track. It is not obvious from
its appearance what caused this material removal. ’

0il Seal - 101056 (S/N 2)

This seal was exposed to a fire in the sump following shutdown of

the high speed test. The condition of the seal reflects the residues,
etc, which developed following the fire.

The outer surfaces of the seal ring were heavily coated with coke-
varnish and the interior surfaces of the seal housing reflected the
same condition. Again, however, the area of the piston ring on the
housing and the bore of the seal ring showed only traces of varnish.
The amount of coke and varnish in the seal housing was greatly in
excess of that found in seal, §/N 1 discussed above,

The carbon face was visually in excellent condition and is discussed
further in this report with respect to wear.

Shoulder - 101056 (S/N 2)

This shoulder also was found to have a gross "saddle" shape on the
face opposite to the sealing face. It is interesting to note that

one "low" point of the saddle showed such heavy bearing contact with
the adjacent member that the letters "LSR" appear as “raised" metal.
The wear track on the sealing face of the shoulder and a "burnish®
pattern obtained on a lap plate indicate that this part was operating -
in a distorted configuration roughly oriented the same as the saddle
shape on the opposite face. Two of the hydrodynamic pockets showed
wear at the "high" point on the sealing face.
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Some pitting was observed in the central areas of the hydrodynamic
pockets. It is not clear at this time if this pitting developed
due to high temperature operation alone or if the manufacturing
process had some effect on adhesion in the central area of the
pockets,

The area to the inside of the L feed slots in the shoulder seal-
ing face shows evidence of rubbing; i.e., more contact than that
occurring on adjacent surfaces. Tt is probable that this contact
is due to local thermal deflection of the surface as a result of
greater local heat transfer. It may be desirable in future de-
signs to relieve this area to prevent film breakthrough.

Bellows Seals (air side) Dwg. 700397, S/N 3

This seal was found to be in generally good condition with no
evidence of serious operating distress. It was noted that a
metallic rub by some rotating part had marked the I.D. of the
“shield" which is internal to the carbon face. This was considered
minor although it may have caused some out-of-flatness in the car-
bon. Debris from this rub probably reached the sealing dam area
causing cutting of the downstream edge of the radial grooves and
left the I.D. pads a dull mat finish instead of a normal glazed
surface. The free length of this bellows was in the range at which
it was shipped.

Shoulder (700405) S/N 1
This shoulder operated with S/N 3 bellows and was generally good
in appearance, The wear track was glazed with minor fine scoring.

A mark near the I.D. of the sealing face indicated that the part
which rubbed the I.D. of the seal also contacted the shoulder.

WEAR SURFACES AND COMMENTS:

The wearing surface profiles, carbon and shoulders were recorded by means
of a Brush surfanalyzer, generally with a vertfcal setting reading .0001
per graduation. 1In one instance where the wear was high, an additional
trace was taken with a vertical setting of .00l per graduation. Traces
of the surface profiles from section-to-section of the seal parts and
mating face seal rings to shoulders showed excellent relative continuity.

In comparing the radial wear markings with drawing dimensions good corre-
lation was obtained, keeping in mind that the border delinestion-wear
(contact) and no wear (mo contact) 1s not too accurately defined for low
wear rates, Edge definition seems to be within about T 005 radial, which

is considered good for the very brittle materials involved.




1. Piston Ring Seal (0il Side) Dwg. 101056, S/N 1

{arbon Grade: Seal Ring - National CDJ 83
Piston Ring - U.$.G. 2777
Piston Ring: Radial Force .109 1b/in. of circumference
{structural)
Seal Ring Springing: .545 1b/in. of circumference

The face design represents the typical Koppers® gas face - 1.D. and 0.D.
pads, 1.D. and 0.D. collecting grooves and sealing dam. One exception
had to be made. The I.D. pad operating against the shoulder 1ift pockets
was not vented to the I.D. collecting groove.

This design, in conjunction with the "pocketed” shoulder, separates the
1ifting from the sealing mechanism and also minimizes the effect of conicity
on pressure balance in the initial stages of operation or for the life of

the seal 1f wear progresses in parallel planes.

According to SKF (see History), the seal operated very satisfactorily for
about 565 - 570 hours with an average total leakage of 5 - 7 SCFM and an
approximate wear of .005 per 500 hours. Flow passages, collecting grooves
and 0.D. pad vents are designed to permit .030 wear. These results gen-
erally indicate practical separation; on the other hand, '.001" wear per
100 hours indicates some transient short duration contact.

While increasing speed from 14,000 to 16,000 RPM, leakage was initially
nigh and deteriorated forcing shut down. As a matter of interest, even
atr 20,000 RPM the seal springing was adequate if the shoulder motion (in-
cluding runout at shaft frequency) is in the order of hundreds of micro-
inches. Figure 1 summarizes the typical face appearance as well as the
relative wear measurements.

The face contour strongly suggests edge breakdown at the entrance of the
1.D. pad and also at the dam I.D. The data indicate "bowing" (low I.D;
high middle; low 0.D.). The matching shoulder (cold) is generally coned -
low I.D, high 0.D. Gross absolute wear measurements on the carbon indicate
wear of .018",

The above geometry of the worn face of the carbon is:

— A2.002

¥
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It is certain that the high wear rate and resulting geometry took place
when the speed was increased. However, we are at a logs to ratiomalize
this phenomenon, unless:

a) The buffer fluid suddenly became saturated with fine particles.

b) Large axial vibrations were somehow induced.

¢) Clawmping distortion may have initiated high wear by film break-
through.

d) Oxidation of carbide shoulder produced abrasive particles.

2. Shoulder for Piston Ring Seal - Dwg. 101056, S/N 1

To minimize oil mist contamination of the rubbing faces, amn integral
cylindrical sleeve, to accommodate a windback, was added on the 0.D.
The radially flexible shaft mounting used with the old bellows seal
shoulder was malntained. The principle addition, however, is a series
of 24 "11ift"” pockets,

The actual 1ift pocket design is based on test work performed at Koppers.
It has been our opinion that the pockets should be incorporated in the
shoulder rather than the carbon face because of generally lower wear rates
of the shoulder material.

The pocket design used is similar to the "best"” experimental design avail-
able in 1967. The following data are of interest:

.8 1b/in. of Circ. 8000 RPM (237 ft/sec.) .000355 Separation
.75 1b/in. of Circ. 8000 RPM (237 ft/sec.) .0002 Separation
1.5 1b/in. of Cirec. 8000 RPM (237 ft/sec.)} .000135 Separation

Pocket depth h = ,00063
Entering chamfer desirable
Separation started between 500-1000 RPM.

In endurance testing the seal-shoulder combination performed reasonably
well at 14,000 RPM in an ambient downstream temperature of 630°F. and pres-
sure differential of 105 psi. Rapid deterioration developed in this seal
for reasons not clearly defined when an attempt was made to reach 16 000
RPM. Figure 2 lists the recorded wear. )

The shoulder appeared to be in good condition after about 565-5370 hours of
operation. We are at a loss to rationalize shoulder wear of .005-.008"
occurring in about three hours. A sudden shift (loss of clemping force) in
squareness might explain the large angular difference in wear (section "B
and "E"). The possibility of dirt as well as carbon dust due to carbon edge
breakdown and/or oxidation of the tungsten carbide may have been contributing
factors to wear.
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3. Bellows Seal (Air Side) Dwg. 700397, S/N 6

Carbon Grade: Pure 56 HT
Bellows: AM-350 - 6.830 0.D.- 5.830 1.D.
As Shipped: Scale 59 1b/in.

Structural Load .3 - .5 1b/in.
Seating Bias (Hydraulic) .122 1b/in.

After Test: Scale 59 1b/in.
Deflection .067%
Structural Load 3.95 1b; .1983 1b/in.
Seating Bias (Hydraulic) .122 1b/in.

Because the seal operates with & AP = 5 psi, the hydraulic diameter can
be defined as

Dy = \/ (0.D.)%+ (1.D.)* (Root Mean Square)
2

Figure 3 lists the relative wear measurements. Unfortunately, the actual
wear cannot be accurately ascertained; however, in measuring the dam
height wear of approximately .003" can be assumed. Visual inspection of
the seal indicated very satisfactory appearance, If wear would continue
without deterioration of the surfaces, .030" would be an acceptable number
resulting in a seal life of 5,000 hours plus or minus.

This result confirms Koppers initial premises; i, e,, with a bellows having
constant spring scale with pressure, and a weldable material with superior
physicals than AM 350 at 1100°F. (now available), practical minimum leakage
bellows seals (less than 5 SCFM at 105 AP) could be available,

This seal operates in a very demanding environment:

Air temperature 1150°F.

Buffer GCas approximately 600°F. ‘
(Buffer gas heated by rig. With the exception of buffe
gas, internal minimum temperature of rig is 510°F. (cooling
oil).

Seal shoulder only cooled by buffer gas.

Final seal load: .32 1b/in.

With better diaphragm material and hydrodynamic 1lift this
load can safely be increased to .5 -.6 1b/in,

4. Shoulder for Bellows Seal - Twg. 700397, S/N 1

Material: . AMS 6322 - Chrome Carbide Plated
The shoulder appearance was satisfactory and as tabulated in Figure 4; the

relative wear is small, but the additional wear life is not easily predicted.
The effect on surface roughness 1s the critical criterion.
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In this respect it is worth mentioning that the roughest surface was
recorded in the clamping area; strangely, this roughness extends radially
outward by up to .100" beyond the initial 0.D. of the clamping sleeve,

Also of interest is the fact that a permanent set occurred resulting in
symmetrical conicity (see Figure 4). 1t is our opinion that this must be

a creep phenomenon, however, the stress source does not seem too well dea-
fined.

Because this shoulder is poerly cooled, the thermal gradients must be
small, hence, small thermal stresses. Besides, while hot the rubbing
surface is subject to a compressive stress. If yielding would take place
in hot compression, the stress would be reversed to tension while cooling.
This should produce the opposite curvature than noted.

5. Piston Ring Seal (0il Side) Dwg. 101056, S/N 2

Carbon Grade: Seal Ring - National CDJ 83
Piston Ring - U.8.G. 2777
Piston Ring: Radial Force .109 1b/in of Cire.
{Structural)
Seal Ring Springing: .545 1b/in of Cirec.

Both visual inspection and tracings of the Brush surfanalyzer of the car-
bon face indicated an operable surface. The relative wear measurements
are listed on Figure 5. These data indicate that further operation at
20,000 RPM would have been permissible. It is our belief that if the seal
was in any distress during the 8 hours test duration - .7 hours at 20,000
RPM, the wearing surface should show it.

Parenthetically it is interesting to note that the seal springing of .545
1b/in. should accommodate a total axial travel of .0002" (vibration plus
out-of- squareness) at 333 CPS. The recorded leakage of 8.1 SCFM at
20,000 RPM indicates that the seal follows the axial shaft motion.

The seal wearing face represents a practically symmetrical cone, low by
roughly .00015" on the 0.D.

6. Shoulder for Piston Ring Seal - Dwg. 101056, S/N 2

Material: AMS-6322 Tungsten Carbide Flame Plate
.002-.004 thick

All mating (wearing) surfaces show as good a finish as the "no contact™
areas. It is again our opinion that the shoulder was not in any distress
during the test. The traces indicate a slight slope, low on the 0.D. for
all eight sections investigated. A saddle of approximately .0004" also
seems to be present. (See Figure 6).
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7. EBellows Seal (Alr Side) Dwg. 700397, §/N 3

Carbon Grade: Pure 56 HT
Bellows: AM-350 - 6.830 0.D., 5.830 1.D.
4s Shipped: Scale 59 1b/in.

Structural Load .65-.75 1lb/in.
Seating Bias (Hydraulic) .122 1b/in.

After Test: Scale 59 1b/in.
Deflection .281"
Structural Load 16,58 1b; .832 1b/in.
Seating Bias (Hydraulic) .122 1b/in.

1t is noted in "Visual Examination and Comments’ that some member of the
test rig contacted the shoulder. The traces confirmed this observation
and showed that the 1.D. carbon pads and about a 45° sector of the dam
I.D, were sufficiently damaged to be worthless with respect to their
segling functions. Otherwise, relative wear is wminimal. It is interest-
ing to mote that the 0.D. pads are "crowned". No explanation for this
phenomenon can be given. (See Figure 7).

Tt is our belief that this seal could have continued to operate for quite
some time, satisfactorily. The fact that all sealing areas (carbon and
shoulders) appeared to be in excellent condition was contradictory to our
experience for a room temperature load of .954 1lb/in. Based on years of
experience with gas seals of similar face designs, and operating at much
lower ambient temperatures and rubbing speeds (to 300 ft/sec), a maximum
load of .4 to .5 1b/in was experimentally established. The inability to
operate the original bellows "oil seal" for the full pressure range did
confirm our experience. It is our opinion that the chrome carbide plate
does not improve performance to such an extent. We are at a loss to ex-
plain this deviation from past performance.

8, Shoulder of Bellows Seal - Dwg. 700405, S/N 1

Material: ' Inconel-X
Chrome Carbide Plated

This shoulder remained essentially flat although it was contacted while
rotating, by some metallic material. (See: Visual Examination and Comments) .
Figure 8 summarizes the wear data; wear increases towards shoulder 0.D.

(0.D. carbon pads). This matches the carbon face slope and wear data. The
surface finish of the areas where wear occurred is roughly the same as for
the noncontacting areas. Hence, it is our belief that the shoulder could
have continued satisfactory operation for quite some time.
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SUMMARY AND CONCLUSIONS:

1.

Air Side

Incorporation of hydrodynamic 1ift pockets should make current
bellows seals (different diaphragm material) practical. We
define "practical™ as over 5,000 hours of operation with an air
ambient temperature of 1200°F. and a buffer gas (preferably No)
temperature in the 550-700°F. range. A pressure differential
of 4 to 7 psi and a rubbing speed of 550 ft/seec. are acceptable,

Bellows Seals are minimum leakage seals and therefore preferred.

01l Side

The seal-shoulder combination which operated at 14,000 RPM
should perform satisfactorily (5-10 SCFM) for several thousand
hours with ambient thermal and pressure conditions as tested.

The present design will perform at test conditions (downstream
ambient temperature 630°F; pressure differentisl 105 psi) at
20,000 RPM. Leakages should be in the 5-10 SCFM range. The
life of the seal cannot be predicted but must be experimentally
evaluated. Catastrophic failure while reaching speed is not
1ikely.

Improvements may be possible in changing to shoulder materials
of better thermal conductivity. It is also possible that the
11ft pocket design is not the optimum one. Further analysis
and experimentation will resolve this problem.
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APPENDIX II

A MASS SPECTROSCOPIC STUDY OF
BLENDED MOBIL XRM 109F AND 10% KENDALL HEAVY RESIN 0839
A 250-HOUR HIGH TEMPERATURE LUBRICATION SYSTEM ENDURANCE
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A MASS SPECTROSCOPIC STUDY OF
BLENDED MOBIL XRM 109F AND 10% KENDALL HEAVY RESIN 0839
IN HIGH SPEED HIGH TEMPERATURE BEARING TESTS

SUMMARY

As part of the program on NASA Contract NAS3-6267, Phase II,

a bhlend of Mobil XRM~-109F and 10% by weight of Kendall Heavy

Resin 0839 was evaluated for its performance as a lubricant under
simulated advanced turbine engine conditions. Since a mass
spectrometer was used for controlling gas purity and for determining
seal leakage rates, an opportunity was also afforded for observing
the behavior of the lubricant during these tests by recording

mass distribution data of the lubricant vapor from the hearing

test chamber while the bearing test was underway.

The present report comprises a discussion of the data obtained,
its interpretation in terms of lubricant stability and a tentative
correlation with other lubricant parameters, such as viscosity,
acidity, environmental conditions and others.

CONCLUSIONS

) Reaction products of blended Mobil XRM 109F and 10% by

of Kendall Heavy Resin 0839, formed by a thermal degradation
ism and/or oxidative degradation mechanism, were observed to
e more significant when oxygen values exceeded 300 ppm in the
ing gas during a 250-hour endurance test in a 125 mm-bore

ing rig at conditions of 14,000 rpm shaft speed, 3280 1lbs.

t load, and 630°F outer bearing ring and housing temperature,
500°F 0il inlet temperature.

2) There is evidence that degradation occurs by depolymer-

ization of the lubricant molecule with evaporation of the more
volatile fragments. Degradation products were observed in the
gas from the bearing test chamber during the test and as residual
constituents in the lubricant after the test.

APPLICATION OF RESULTS

These observations can provide a method of continuous monitor-
{ a high temperature unit for the rate of degradation product
velopment which will serve as an immediate forwarning of lubricant
ilure or as an indication of probable behavior in more extended

1
egration.

RESEARCH LABORATORY HF INDUSTRIES, INC.
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DETAILS

In order to shed some light on the behavior of the lubricant
as well as the structural changes that occur during use, mass
spectra were obtained of the lubricant in the unused and used
condition by introducing the vapor of the sample at room temper-
ature intoe the mass spectrometer. Spectra were also recorded of
vapor products from the bearing test chamber while the test was
in progress.

A Bendix Model 12-101A Time of Flight Mass Spectrometer
with Model 12-107 source was used for this work. The mass
spectrometer and manner in which mass indications are generated
have been described previously in (1), *

Enclosure II-1 contains a photograph of the spectrum obtained
from a unused sample of the blended XRM 109F and 10% by weight
of Kendall Heavy Resin 0839 with the sample at room .temperature.

Enclosures II-2, II-3, II-4 and II-3 contain photographs
of spectra obtained from room temperature samples of blended
XRM 109F and 10% Kendall Heavy Besin 0839 after -undergoing
test conditions of 14,000 rpm, 3280 pound load and outer ring

and housing temperature of 650°F for 21.8 hours, 56.6 hours,

72.2 hours and 251.5 hours respectively. Each spectrum was recorded
at the same mass spectrometer condition relevant to mass pezak
production, :

Enclosure II-6 contains a table which lists the mass numbers
and peak heights in arbitrary units that appeared in spectra of
the unused and used o0il samples at room temperature with
corresponding values for viscosity at 100°F, contamination level
and neutralization number.

Enclosure II-7 contains graphical representations for observing
the mass numbers present in the room temperature lubricant spectra
as a function of their peak height over the total range of running
time. Enclosure II-8 contains viscosity, contamination level,

* Numbers in parentheses refer to references at end of Part I.

RESEARCH LABORATORY GklFF INDUSTRIES, M C
5
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seytralization number of the tested lubricant, and oxygen content
in the test bearing cavity as measured continuously by the mass
spectrometer during test, over the total range of running time.

DISCUSSION OF RESULTS

According to available information, ~Mobil XRM 109F is
a synthetic hydrocarbon lubricant prepared by the catalytic
polymerization of an & -olefin, and Kendall Heavy Resin 0839 is a
ghly refined, high molecular weight mineral oil. A blend of
XBRM 109F and 10% by weight of Kendall Heavy Resin 0839 was used as the
test lubricant for the 250 hour endurance run at 125 mm bore
bearing test conditions of 14,000 rpm shaft speed, 3280 lbs. thrust
load, and 650°F outer ring and housing temperature. Total test
time was accumulated in segments of 10 hours at test conditions.
&ft@r each test segment the lubricant was evaluated for viscosity,
contamination level and neutralization number, and subjected to
mass spectroscopic examination.

The mass spectrum obtained from the unused blend with the

sample at room temperature (Enclosure II-1) consists of peaks at
atomic mass units which are not descriptive of the molecular
structure of the lubricant. This seems to indicate that the

TSS“’

[ T =

gh molecular weight of the fluid precludes room temperature
vilization and these mass indications only represent
solved atmospheric contaminants. Individual samples of XRM
i @? and Kendall Heavy Resin 0839 produced similar spectra which gives
supporting evidence that only dissolved contaminants compose these

spectra, For this reason, the structure of the lubricant could net be
determined and the spectrum was used as a baseline for the

formation of additional mass peaks in the used lubricant.

]

Enclosure II-2, II-3, II-4 and II-5 illustrate spectra of
used lubricant and permit some observations to be made on the
effect of operating conditions, since variations occurring in
peak heights and production of new mass peaks can be attributed
to the degradation or rearrangement of the lubricant molecule.
Since it would not be of any advantage to display all of the
spectra, more of a direct peak comparison can be obtained from
Enclosure II-6, which consists of a table listing the mass
numbers and corresponding peak heights in arbitrary units that
appeared in each of the used lubricant spectra. Each lubricant
sample is listed in the vertical columns, designated by the total

%?ﬁf%%&&d%{Zki LABORATORY &kl INDUSTRIES, INC.
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accumulated hours of test running time, in order of increasing
amount of time. Also listed with each lubricant sample is viscosity
at 100°F, (centistoke value) contamination level (grams per 100 mls.
of test lubricant) and neutralization number (milligrams of
potassium hydroxide per gram of lubricant).

Nearly all of the peak heights vary significantly and new
peaks have appeared in addition.tothose observed with new oil in-
dicating that changes have occurred in the composition of the
molecules which vektilize from the sample into the spectrometer.
This, in turn, indicates changes in the bulk fluid which have
occurred as a result of exposure to operating conditions. The
variations observed in viscosity, contamination level, and
neutralization number are also indicative of changes in the
bulk fluid,

In order to utilize the spectra for determining lubricant
degradation products, it was first necessary to separate the mas
indications into associated groups, each of which would represent
only one particular product, since decomposition or thermal
degradation of any large polymeric structure probably results
in more than one compound. Without any preliminary separation
technique, such as gas chromatography, a mass spectrum would
include parent molecules and positive ion fragments from all
species comprising a gas. It must be understood that the
relative peak height patterns cited in tables of "Mass Spectral
Data" are indicative of only pure constituents, therefore,
differentiation between positive ion fragments from different
parent molecules is required to make use of the literature and
verify the correctness ¢f any predicted ionic structure.

Some distinction between mass indications was obtained
graphically and illustrated in Enclosure I1.7., Observing any
mass number as a function of its' peak height over the total range
of running time of the lubricant showed trends developing at
intervals of time whereby a group of masses displayed similar
variations. When viscosity, contamination level, neutralization
number, and oxygen concentration in the bearing test chamber, as
measured continuously by the mass spectrometer during the course
of the test, and also observed in a similar manner, (Enclosure I1[-8)
a correlation becomes apparent between increasing amount of oxygen
in the bearing test cavity and the occurrence of certain masses

RESEARCH LABORATORY SKF INDUSTRIES, INC.
1-7
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in the tested lubricant spectra. The appearance of these mass
numbers coincide with variations in viscosity, contamination
level and neutralization number.

At 72,2 hours, 125 hours, and 170 hours of running time,
mass spectrometer gave values for the oxygen content in

test bearing cavity as 0.3%, 0.6% and 0.5% respectively,
which exceeded, in each case, the normal operating value of 0.03%
(300 ppm). Correspondingly, mass peaks 43, 41, 29, 42, 27, 57, 56,
86, 55, 84 and 85 appeared in significant amounts in the spectra
of used lubricant after these test segments. Apparently, the
oxygen atmosphere was capable of causing a degradation process
which formed more volatile reaction products in the base fluid.

o+ e
=t
[ O]

A literature search showed that the abundance pattern listed
did not conform to any of the pure constituents in “Compilation
of Mass Spectral Data" (14), but rather fragmentation species
associated with parent hydrocarbons ranging from six to ten
carbon atoms. Further separation and identification of individual
degradation products would not be possible unless additional
instrumental techniques were used prior to introduction of the gas
into the mass spectrometer.

One identifiable residual degradation product is water,

represented by mass peaks 18, 17 and 16 in the proper peak height
ratios for water, in the bulk fluid. The amount of water varied
with the concentration of oxygen in the gas phase.

Other observations on peak performance lead to speculation
on the mechanism of their production with regard to viscosity,
contamination and neutralization number. Mass peak 32 which is
normally associated with diatomic oxygen is observed to vary in the
test lubricant inversely with the appearance o mass peaks
44, 18, 17, 43, 29, 16, 42, 27, 57, 56, 86, 55, 84 and 85, and with
neutralization number, contamination level, and the amount of
oxygen measured in the bearing test cavity during the test. It
seems vreasonable to hypothesize that as long as the oxygen
concentration in the bearing test chamber remains at 0.03%, no
reaction occurs with the lubricant except a physical process of
oxygen absorption into the lubricant bulk (high mass peak 32).
When the oxygen level exceeds 0.03%, it initiates a chemical
reaction which degrades the lubricant molecule resulting in
smaller hydrocarbon residues as well as high polymer sludges and

{

)

=

o
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oxygenated compounds as verified by the increasing values for
contamination level and neutralization number., Oxygen, at
these times, becomes a reactant and its supply decreases in the
bulk fluicd (lower values for mass peak 32).

The 0.03% oxygen concentration stated is a value for normal
system operation. Values of 0.3% to 0.6% are abnormally high
and indicate a system leak. However, how much the 0.03% oxygen
concentration level can be exceeded before the beginning of
lubricant degradation can only be found by further testing, since
prolonged testing at engine conditions with 0.03% oxygen in nitrogen
atmosphere shows no detrimental effect to the lubricant structure.
Enclosure II -5 consists of photograph of the spectrum of the lubricant
blend after undergoing bearing test conditions for 251.5 hours, and
shows very little difference when compared to a spectra of the
unusued or used lubricant after 10.9 hours of testing where the
oxygen level remained at 0.03%. There is still some distillation
of smaller fractions from the lubricant even at this low oxygen
concentration, since the viscosity of the bulk fluid increases
with time, however, this is not a result of molecular decomposition.
There is a correlation between viscosity and addition of make-up
fluid, i.e. each addition of make-up fluid is followed by a
decrease in viscosity and a subsequent rise.

It follows that the use of this type of lubricant blend at
these high test temperatures in an excessive oxygen atmosphere is
susceptible to oxidative as well as thermal degradation with the
formation of residual decomposition products which can effect the
viscosity, contamination level and neutralization numbexr of the
bulk fluid.

While the endurance test was in progress, spectra were
recorded of the gas from the test bearing cavity at various
intervals during the test program. The make-up of this gas is
mainly nitrogen with a small percentage of helium tracer gas for
the detection of seal leakage and any vaporized decomposition
products from the lubricant. Spectra of the gas from the bearing
test chamber contained, in addition to the high nitrogen peaks
(28, 14 and 29), mass peaks, identical to the mass indications
that appeared in the spectra of used lubricant after each test
segment. In other words, the same light distillation fragments
of the blended lubricant appear as a vapor during the test and as
residual products after the test.

RESEARCH LABORATORY alkifF INDUSTRIES, INC.
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ENCLOSURE II -1

Mass Spectrum of Unused

Mobil XRM 109F and
Kendall Heavy Resin 0839
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ENCLOSURE II-2
Mass Spectrum of Mobil XRM 109F and

10% Kendall Heavy Resin 0839 after 21.8 Hours
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ENCLOSURE II-3
Mass Spectrun of Mobil XRM 109F and

10% Kendall Heavyy Resin 0839 afier 56.6 Hours
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ENCLOSURE I1I-4
Mass Spectrum of Mobil XRM 109F and

10% Kendall Heavy Resin 0839 after 72.2 Hours
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ENCLOSURE II -5
Mass Spectrum of Mobil XRM 109F and

10% Kendall Heavy Resin 0839 after 251.5 Hours
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TRASY UNITS THAT APPEARED IN EACH OF,THE USED LUBRI

TABLE OF MASS NUMBERS AND CORRESPONDING PEAK BEIGHT IN ARBI
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GRAPH OF THE MASS NUMBERS PRESENT IN ROOM TEMPERATURE LUBRICANT SPECTRA AS A FUNCTION OF THEIR PEAK HEIGHT

OVER THE TOTAL RANGE OF BRUNNING TIME
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ENCLOSURE I1-8

GRAPH OF OXYGEN CONTENT IN BEARING CHAMBER, VISCOSITY, CONTAMINATION

AND NEUTRALIZATION NUMBER DURING TOTAL RUNNING TIME OF TEST
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APPENDIX III
SUMMARY DATA SHEETS FOR TASKS II, III AND IV

ADVANCED TURBINE ENGINE MAINSHAFT LUBRICATION SYSTEM TEST RUNS

RESEARCH LABORATORY H5kkF INDUSTRIES. INC.
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. Test Bearinc Housing  (OF) | D0 | SG8 890| 535 | 5860 |

ROLLER BEZARING nousinNg (OF) 530|550 | 8855|590 | S60 | 4

AR SeaL BerLows (©F) = s o o e 1]

HoT AtR IN ManizoLDn (OF) 140 | 1)98°| /.00 /300 (/205 0

0L InLeT (OF) 435 | 450 | 455| 495 | 460

01 QUTLET {OF) 486 — | 4386 425 | 445

LOlL SEAL LIFT OFF;
OlL BLOWN OVUT oF VENT

The majority of the total seal leakage was across the air seal,
The oxygen content in the test bearing chamber was .023 - .030%.
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WB49 80H (II)
TEST BEARING / £

DATE

/1=l — 6T

Running TiME, HOURS START | 0.7 0.8 0.8 1.0

Seeep, RFM |4 ] 4

MoTor Power, VoLT X fMPs

AR MANIFOLD PRESS, (Esl) 166 | /oL y. s /0 6

BEARING CAVITY PRESS, (PS1) b b A 20-25 "3
SeaL CaviTy Press, (psi) {i 1l {id 14f a
Hot AR Frow {scrm) i - = - = }L
TEST O1L FLow (GPM) 115 1 /.8 | Lo 7.75 | — \3
“ToTAL SEAL LE/K AGE {SCFM] ' ‘& -
TesT Bearing Outer Ring (OF) | 390 | 5460 2407 T (556550 <«
Test Bearing lunen Rine (F) | 3Bo | 850 | 7407 W s40 | s40| @
RoLLEr BEARING QuTer Rine (OF)l g | S0 8 5‘05 ) - — Vi
01t SeaL Housing (OF) 3170 | oo | OO :l"l s - =
L1r Sgal Housing (oF) ‘“5 l 8460 | 860 = - - 2
TEST BErrING  Housing  (oF) | 588 | 620 620 1;: — — ;
RoLLER BEARING nousiNG (OF) | 606~ | 550 | S56| O —_ - g
AtR SEAL BerLows (OF) — - e o — - 4:
HOT AIR (N ManiFoLD (OF) 760 | /0BO | /070 v — — a.
OrL taeer (©F) - — — - “ g
DiL QuTLET {OF) AL | - — — - L2 ]

L~TEST BEARING TEMPERATURE EXCURSION



P-I11

WB49 80H (‘;I) )
TEST BEARING /£ 61/03

/21 9-€7

orL usep MoBiL, JET IL nATE
Runnine Time | Houms 03 1 O | L4 | 15 -
SPEED, RFM e 12 jé& | %
Movor Power, VoLT ¥ Ames
AR MANIFOLD PRESS. (PS1) jab | lal | (et | 184
BeariNG CAVITY PrESS, (PS1) A A A A
SEAL CAviTY PRESS, (PSi) Lhi Ny i 1l
Hot AR Frow {scrm) . o &G0 | =
TesT 0L Frow (apm) L5 | 0.8 1 i
ToTAL SEAL LE/K AGE {sCFM) Gl | - - -
TesT BeARING OUTER Ring (OF) 490 5301590 {600 .
TesT BEARING IWHER R1va lF) | 510 5890 | b l6 50
RoLLER Bearing Cuver Ring (°F) 450 SV5 | 540 | 540
Ot SeAL Housine (OF) 390! 630 | 650 | 645
AR SeaL Housing (oF) S80 | BL5| 765 | 148
Test BEsring  Housing  (of) | 5957|580 | L08°| 406
RoLLER Bearing nousing (°F) 1490 | 520 | Coo | S5
AR SEaL Beriows (OF) o - - -
HOT AIR IN MANIFOLD {OF) L5 970 | 850 | 840
01t INLET {©F) - - | 500 | —
DIL QUTLET (OF) — — | GBE| —
The oxygen content in the test bearing chamber was .036 - .05%.
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WB49 459980H (Series IT1)
TesT searing. ) 26 /04

oi useo MOBIL XRM 154D oure  {=l€=E8
RunNING TiME, Hours staer| /.2 142 12.3
SpeED , REM 12 ) & | (K-
MoTor Power, VOLT ¥ Ames - .
Atr MANIFOLD PRESS, (r;sl) /o6 | 106 706 | S06 §
REARING CAVITY PrESS, (PSt) [ A A A G;
SEAL CaviTY PreESs, (psi) (i 111 i) RY gg
HOT AIR FLOwW (ScFM) E%
TesT 011 FrLow {cpm) 1.5 1.8 | 1.6 | 0.7 -
ToTAL SEAL LE#K AGE {sCFM) 2-3 = g’
_ Test BearInG OUTER Ring (OF) | dpo | 445 : 4606|5600 LS
Test BearING InNER RinG (F) | 24 | S8 W 4201 Slo ?:
ROLLER BEARING QuTer Ring (OF)| 40 | 490 | @ 415 | 520 ﬁ
01l SeaL Housing (OF) 4doo | 595 S'f 4&Lo | 618 %
AR SeaL Housing (OF) 896 1 910 boo | 810 l?]
Test Besring  Housing  (°F) | 546 | £70 - 460 | £30 ~
ROLLER BEARING nousing {©F) 480 | 455 9" 410 | 485 .-
AtR SEAL BELLows (©F) 1 o= e i: == - ;5
HOT AIR IN MANiFOLD {OF) Boe | /096 VI 785 /09S] C';;
01L INLET (©F) — - 400 | 440
01L QUYLET (OF) - - - _—

-111

‘ LREPLACED SLIP RING

The oxygen content in the test bearing chamber was = 1%.
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WB49 80H (Series IT1)
rest pearing f_L-b 7/08

oiL useo MOBI. XRM1S4D e 4-9-48
RunnInG TIME, HOURS lo | 11513 {41L25 | 2.0 | 245345445495 | s 2

speen, RFM /4 | 14 (4 /4 | /4 )& 14 | 14

MoTor Power, VOLT X /MPS ’

£13 VANIFOLD PRESS, (Psi) lot | lo¢ Job , 706 | 106 | J06 | r06 | &

REARING CAVITY PRESS, (Ps1) | A A A ¢ & & 23

SeaL CaviTy Press, (psi) 1l Iy Iy 1 111 11) /e V77 A—J:V
FoT AR Frow (scFm) - 50 S0 - So !l So S0 So | &0 o
TesT O1L FLow (cpm) 2.0 | d0 . 2. 0 X R0 | 20 | 2o | 20 | 1S t
ToTAL SEAL LE/K AGE (SCFM) - -— z — j /7 (71 14| 4.4 | — 3
TesT BEARING OUTER Rine (OF) | (,Be | &0 ﬁ L So ﬁ 636 | ¢40 46| 6451656 | ¢
TEST DEARING INHER Rivg (© F) 7(930 L20| © bilo )] blo l 620 | 6L25| 30 | L¥O <
ROLLER BeariInGg CUTER RinG (OF) 580 gg \l] 5085 ly So00 | Soo| 490 490 | Soe ﬂ
01L SeaL Housing (OF) 520 | (85 LY 72.0 \% 725 720 | 7895 718" | $50 _ o !
f1r SeaL Housing (°F) g90 | 930 970 9715 1987 | 990 | 985 | 940 -l
TesT BEsring  Housing  (OF) | 8560 | S585°| -- | 546 .. | SIS 1805 | 5485 | 515 | S5 O
ROLLER BEARING nousING {OF) 410 | 490 9; 440 9: 4(0 | 440 | 455 | 450 450 | _.
AtR SEAL BeLLows (OF) 830 | L0 NL 9.5 [N 92.0 | 935" 940 | 920 | 15 0.
HoT AIR IN MANnicoLD (©F) — = ) —_— vl — i T — ;
01L InLer (9F) — | 480 490 490 | 495|480 | 48s| — | ¥
0L QUTLET (COF) — s — —_ — —_ —— | —

L

a_—

SHEAR PINS BROKE

The majority of the total seal leakage was across the oil seal for the first two
hours and then splitting equally for the final hour.
The oxygen content in the test bearing chamber was 0.009 - 0.02%.
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el

<0

rest semng 4 _267/09  [n-50

oiL usep MORIL JET IL (OPEN ATMOSPHERE

Steel Bearing, 459981G (Series I {Be-gign);g

oire S/20-22/ 6t

3.4 |42

Rumning Timg | Houms gé}% . %“g ggg 6.2, ??2 f &2 g. 2 ﬁ Iz ;
Seeco, Ril 14 I g |t s o |0 gy Ly
AR ManiFoLo Priss, (psi) f 106 1A 106 iob ol | {66 t 66 | 166 i [06
BEARING CAVITY Press, (ps1) | if b A A (o A A “é_l &
Seav SaviTy Press, (psi) RS t g L e e e o L
HoT Atr FLoW (ScFH) 50 F 140 | 42 | S3 | 854 | 49 | 49 | 49 | s2
Test O1L Frow (arm) 2 X % 2. !}; 2 2 2. 2 2 2 2 |
ToTaL SEAL LEAKAGE (SoFHM) /0.2 m l: 93 2 (2 46 | 48 153 | 42 | 59 |42 |28
TesT DEARING OUTER Ring (F) | S20 V\% W | 520 .E;,; f‘ El8 530 | 545 | 535 | 525|520 | slo
Test Bearing Inner Rine (oF) | &S00 | :S f 565 |W o 500 3‘25' 5¢5 | 8525 | $15 | 5/0 | 560
RoLLer BEarinG CuTER Ring (OF)) 4R Q & l a Has (LAY 44,25" 4H4E | 455 | 4p8 | 4]0 | 4065 | +oo »
01t SeaL Houstng (OF) - | S P I B P it‘ - | = - s e - — |
10 SeaL Hous e (9F) 840 0 | 41810 g T 00 | 35 |990 |guo | g4s | 850 | §70
Test BEarivg  Housing  (oF) | §00 }S llf Al 8§25 | ! 560 1498 | 490 | 400 396 376 | 286
ROLLER BEARING nous ING (OF) $f, 5 ‘:? ur-- 510 v £60 | 490 | 480 | 470 | 390 | 290 | 366
AtR SEAL Beriows (OF) = : e - S — Jo— . P .
ot Atx_i tawicoo (F) | fa00 | = 160 1obo | ne | nbo 1150 [ 1S0 | 160 | ugo |
0L IaLeT {OF) 410 2/ %00 oo | 420 | 435 | 420 | /0 | 400 39a
OfL OuTLET (OF) 435 Y5 1o | 430 | 440 | 4IS | o6 | 40 398

|

I

TEST CONDITIONS
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ALG6YTOLG

SNovL\Ao9 me.hj

OO#H | O/ | S04 | SOF| 005 | OBE | 9€H | OO _ 004 |ObLE |obe L (do) L3100 10
0bLE | ObLE| ObE | OLE |Obe |OLE | OF¢+ | Obh Obe | ObE | ObE {do) L3781 710
oS/ | CEI | OBl 02 | 00/ | 0407 | O8O/ 070} 0LI7 1 081 | 081 (do) 0I03INVlY NI ¥1y LOY
. - . e _— - - _— - - = (do) SMOTI13g V33 ¥IY
Obh | Obt |OLE ! obh | b | 584 | Sbt | Sbt pol 0SE | v9¢ | 99%¢ (do) ON1SNOU ONIuv3g uITI0Y
505 | 005 | o6t | Obh obh | S84 | ST | ebly 5 m\lw 08¢ | 08¢ | 08% | (Jo) onIsnoy owiwvag is3|
oLE m ,m..nwﬁ_ SS8 568 | s58 ] 098 | 528 | 08L O] 0L8 | 098 | 098 (do) oNtseno 1v3g wiy
— . “ - f— R P — — an l.w., R o bma (do) SHIsSNOY v3g 1D
OEH| O Ocmmu (k.08 m 0% | ob® Ol | 0%k - - Olfr | 004 | 004 |(40) o1y w310y Onluv3g yaTI0Y
00S | 005 | Ops | oas | 00S om.T 025 | obh NN mmw 001G | 0/& | OIS | (do) DMy uduu| ohiuvag Ls3]
005 | 005 | 005 | 005 | 008 | 047 |025 | 905 " In| 0S| 0S| 01§ | (do) o1y uainp oniuvag s3]
P99 1 b m o0 | L'b | O€ — i b'h w S i bs ! 9y (1408} BOYNYIT y3g VL0]
7 g v Z Z pA rA 2 Nw 2 P Z (WdD) MO THQ L83
25| 25|25 | SS9+ (84 | 84 | SE qi 25 | €5 | 25 (H408) moTd uly Loy

v i1} _ H /7 ¢/ 1/ l 1 w e 11} L Hi (1sd) *ssiid ALIAYD W3S
M ] Y] 9 9 9 ) ?) ] 9 9 9 {18d) "s53Ud ALIAYD DNIuvV3Q
w 901 g/ ap/ gu/ 20/ 20 90| LORVE S0/ Q9] 9Q | ?m_.: *SSIU UTOS NV Uiy
EREARAENENAEREIREL IR o
m Swa__ gor| 94/ ” 287 | 9Li | 8| 98] | VRl €l TR 2T 2] sunoy ‘2wiy oninNny

N“\&.N..NN\.M. 31vd

(FAIHISOWIY NI4Q) I LIL 190 030 o

bLOT L9 # onvvas 1531



AL69TOL16

SNOILIONOD 1S3l J

—_ - R — e [ — O4LE (007 | 005 (do) L31LnQ g
Ol | Ol ork |orh | 9| 0/F | 02F | 0b6E O4E |ObE | ObE (do) 13| 110
002l OLIIlpoetioh// | ocn |0/l | otlr [0S/ Mﬂ os/ | oS/ | 051 {do) 070sINYly NI HIY LOY

- o S — o - —— m W “ e - - {do) SMOTTIE VIS MY

- — | Gbr | bty | St | Sbtr | 0bF | bk _ M 005 | Obtr | Obk (do) ONISNOU ONIYv3g 43110Y

— — | 064 | O Sé# | Stk | SéF | oo | W W\u 006 | 005 | 90§ | (4o) ONISNOH owiuvag 1S3)

|0T5| 0Zb| 026 | 088 | a88 | OL8 | 0S8 | S8L .o oL8 | olL8 | OLE (40) ontsnoy 1v25 wly

. e . e R - - e ~ —_— - — (do) BMISNOY Y35 Q
OZs | OEH | OSH | 057 | opt OHtr| OS+H | OEh ._M.M w O2F | 08 | OB {(do) onty w3Lng ON1av¥3g ¥3T10Y
Srel e85 | s eS| DES ON.M, S$25 | 006 N “_a. 005 | PO.S | 908 | (do) DHIY u3uN| ONIWV3G LS3]
$/C| G/5 | ST | 0BS | 0ZF (0TS | s88 | O T “ 005 | 00% | 008 | (Jo) puly u3lng ONIWV3g Ls3]

| 76 L5858 | 99 | F& [ L] b .- W,M % 99 95| 89 (W408) 30VEVET] 1v3s Wio]

- 2| 2 2 Z 2 2| 2 m X 2 2 Z | (M2D) MOT4 10 LS3]

5h| 9h (94 | 9B | W | B4 — | 05 gl 25| eS| 28 (H408) 1014 Y Loj

H 1 1 i i 14 1wl ojis 11 /17 1t til (15d) *ssaud ALIAY) TV3g
9 V., 9 9 2 2 «w 9 = 9 9 * (tsd) “ss3yud ALIAY) ONIWV3G
207 90/ | 997 | 96 0] 01| 90/ | 90/ 90! | 901 | 90l | (15d) TSIy ATOANVY Hiy
CRUT RV AU RU T R R R A W R R MECIMEERE
w 7 %m gle i 9% ., TRT | €AY | €I | ©9E wm%@ %@ e %jrwm i'e mnmw&. sunoH EWIl aNIMNAY

Mw\h LT aﬁﬂM\mﬂ 3190

mw@wxmmagﬁ N240) T 13§ Tlaow ¢80 110

«w«w f#ONd f:g !

bO1!l

1-10

II



1i~111

rest aeaning 1 267109

oL useo MOBIL TET IL (OPEW  ATMOSPHERE)

DATE 5!&-7“42 /48

RusN e Time | Hours 32.9123.3 33,9 [349 353 § 35413577 1367 1377 ‘337 391 ‘%7 s»
Speco, RPN ) rrRTam;m CE: i Lo s+
AR ManiFoLn Ppress, (rsi) | [0 106 [0k | 106 104 06| 106 | /06 | 106 | /06
BEARING CAVITY PRESS, ‘(PSl) (p & A L A A A A A & ‘
SeaL CAVITY PRESS, {(PSt) e 111 I I 1t 1 (i1 1/ J11 IH 5
Hot Atr FLow {scem) S | 50 | S | 49 145 | Se | s0 | #8 | #8 | 48 |
Test 010 Frow (orm) L Z 2. 2. 2 §1 2. 2 2. 2 i 2 2 i
ToTAL SEAL LEAKAGE (8cFH) C{ |l 45 | $8 | 53| 8] ]“‘: &i 55 | £185 | — 6.5 | 6.8 | ¢.3
Test Beaninc Ouver Rime (°F) E =z So0 | 811 | £02. S24 %Q S5 s | S20| 8728 5361852 5
TesT BEaRING [nner Rine (°F) {l) o 195 | S08 | S0 | S20 f: L 5:OO S5/0 | 520|525 (526 (5245
ROLLER Bearing CUTER Ring (OF) (‘; o | A0 4,!—20 PLY.Y ] 1(30 E/) }’3 Y40 U20 | 35 | 440 | 4485 | 440
01L SeaL Housiug (OF) ’Q: - - - - ;g | N - - - o — |
1n oA Hous e (9F) Q T 740 | g0 | £50 | 990 |y |760 | 860 | 860 | 545 | 965 | 960 |
TesT BEwrIMG  Housing  (OF) 10 vi afo | 376 | 396 | 3% (l_ ° $/5 | 420 | 470 4?0 S5 485
ROLLER BEARING nous Ing (OF) (?j AP0 | 396 | s | Fos5 109 415 W0 | S| 4TS | #T5 | H4eST
© AIR SEAL BeLrows (©F) - e e e — miﬁ — S S S o S
HoT AtR_In ManicoLo (oF) f000 | IS0 | W70 | /145 1630 | jile e | onio | e Lins
Oie tnuer (°F) 390 | 375 | 395"\ #05 41S | Yoo | 410 | 40 | 44S 1410
01L QurLET (OF) — — s s — - - —— —_— l —
L 1 > TEST CONDITIONS
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TesT seaRING 267109 /
ortusen MoBIL SETTIL (0PEN ATMOSPHERE) DATE f/gﬁl_éé .

Ruwning Time | Hours 253,3 £33 f5%3 | 5.3 559 1568 | | 3
seeeo, Lt Lo [ | e I
AR MantFoLp Ppess, (pst) § ok | 1D L 10 | oL ok O3 % !

Dearing ChvITY Press. (psi) G o b L | b w | ! |
SeaL CAVITY Priss, (pst) m 1 1R AR IR 1Y - | ‘
HoT AR FLow (sorm) G5 | s 4K LS | ks 1]

Test 01U Frow (crm) 2. 2 2 2. 2. R‘

ToTaL SEAL LEAKAGE (8CFM) 6.0 | 6. 60 | L4 | &S <

TesT BeEaring Outer Ring (9F) | Sof | s60 ! Soa| Soo | S60 6

Test BEaRING INNER RiNG (F) | K/0 | 500 | 500 | 495 | 495 \J .

RoLLer Beering CUTER Ring (OF)) M/8° | ¢y | td o &% %’o }\ } }

01L Seat Housing (OF) a o -t - R ‘({) ’; | }

din SzaL Housing (OF) P20 | §95 | 890 | 985 g85 E |

TesT Beariva  Housing  (OF) 1428 | 1S | % 36 436 | 430

RoLLER BEARING nousing (OF) | 4428 | IS 1420 (42D | 420 é.

AlR SEAL BeLiows (©F) _ _— = = = A\

HoT AIR IN MANIFOLD (©OF) iSo | 11IS6 | WSS /ISS 1158 ,‘j:
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