General Disclaimer

One or more of the Following Statements may affect this Document

e This document has been reproduced from the best copy furnished by the
organizational source. It is being released in the interest of making available as
much information as possible.

e This document may contain data, which exceeds the sheet parameters. It was
furnished in this condition by the organizational source and is the best copy
available.

e This document may contain tone-on-tone or color graphs, charts and/or pictures,
which have been reproduced in black and white.

e This document is paginated as submitted by the original source.

e Portions of this document are not fully legible due to the historical nature of some
of the material. However, it is the best reproduction available from the original
submission.

Produced by the NASA Center for Aerospace Information (CASI)



v——-] ——
. - |}

/2/p2

CONTRACTOR REPORT ~ /¢854 9/

ENERGY EFFICIENT FACE SEAL

BY

J. SEHNAL
J. SEDY, A.ZOBENS

@\CRANE |
N2 PACKING

COMPANY

6400 OAKTON ST.. MORTON GROVE, ILL. 60053

AND

I.ETSION
DEPT. OF MECHANICAL ENGINEERING
TECHNION, HAIFA, ISRAEL 32000

PREPARED FOR

LEWIS RESEARCH CENTER
CLEVELAND, OHIO 44135

UNDER

CONTRACT NAS 3-22128

NATIONAL AERUNAUTICS AND SPACE ADMINISTRATION

APRIL 1882

CSCL 11aA

(NASA-CR-165591) ENEEGY EFFICIENT FACE SEAL N83-15659
‘ (Crane Packing Co.) 113 p HC AO06/MF AO1

Unclas

-

-7

o

- 0 Aol AL



1.

Report No. 2. Government Accemion No. ' 3. Recipient’s Catalog No.
NASA CR-165591

4. Title and Subtitie 5. Report Dete

February 11, 1982

ERGY
EN EFFICIENT FACE SEAL 3. Performing Orgenization Code

7.

Author(s) 8. Performing Orgenization Report No.

J. Sehnal, J. Sedy, 1. Etsion, A. Zobens
10. Work Unit No.

9. Performing Orgenization Name snd Address

Crane Packing Cowpany

6400 Oakton Strzet 11. Contract or Grant No.
Morton Grove, IL 60053 NAS 3-22128
13. Type of Report and Period Covered
12. Sponsoring Agency Name and Address Contract - one yesr
National Aeronautics and Space Administration
Lewis Research Center 14, Sponsoring Agency Code
21000 Brookpark Road
i 44135

15. Supplementary Notes

L. J. Kiraly, Lewis Contact
NASA Lewis Research Center
21000 Brookpark Road (MS 23-2)
Cleveland, Ohio 44135

16

. Abstract

Torque, face temperature, leakage, and wear of a flat face seal were compared with three coned
face seals at pressures up to 2758 kPa (400 psig) and speeds up to 8000 rpm. Axial movement of
the mating seal parts was recorded using a digital data acquisition system. The coning of the
tungsten carbide primary ring ranged from .51 p -m (20 u-in.) to 5.6 u-m (220 p-in.) The torque
of the coned face seal balanced to 76.3% was an average 42% lower, the leakage eleven times
higher, than that of the standard flat face seal. Reducing the balance of the coned face seal
to 51.3% resulted in decreasing the torque by an additional 44% and increasing leakage 12 tc
230 times, depending on the seal shaft speed. No weasurable wear was observed on the face of

the coned seals. All four seals operated in the stable region of the stabiiity map.

17.

Key Words (Suggested by Author(s)) 18. Distribution Statement
Face Seals Unclassified
Unlimited

Liquid Lubricated Seals

19. Security Classif. (of this report) 20. Security Clamif. (of this page) 21. No. of Pages 22, Price’

Unclassified Unclassified

* For sale by the National Techmical Information Service. Springfieid, Virginia 22161

NASA-C-168 (Rev. 10-75)

URIGINAL PAGE 1S
OF POOR QUALITY




QONTENTS PAGE

smﬂ...-.......-..-.......-...--.--........-..-.......-.......-.....-

ANALYTTICAL BACKGROUND:2eeveessronns sesasssevane cecsesssenene cecsessvnnce
EXPERIMENTAL SEALS..eccescacscsasssccscecsnccsssssessaasesansosssssasnes
PREPARATION OF THE SEAL FACES...cccevcescsessosascacsassosencancas
EXPERIMENTAL EQUIPMENT. ¢ cvccoseovovacccscsssccassnscasssssnnsass
Test Rig Performance Data and SpecificationS.....cccecececeaccacass
Data Acquisition SyStemM..c..eesesescocescccsscrscscancscosssccsnsana 10
Torque Sensing........ secorevsaa cescasrescssa A I

W O O ~J W

Leakage Measurement........... Ceeeecectcennenrenanns S 1 |
Displacement MeasuremMent...ceeece.coseesecccascaasns esceesases eeees 12
TESTING AND DISCUSSICN..... tecessiacseascscrrnacnnss ceecsscnsas ceeaveses 14
Seal InstallatiON...eececcecececsconscsscccscscssansscscsossannassss 14
Test Procedure......... tecesvssscnerssssneassans ssesssencsans cesesse 14
Flat Faced Seal, Standard Pusher Type 8B...... ceveccons cetececeanne 15
Coned Face, Pusher Type 8B Seal, 7€.3%Balance.,........ ceseesennns 17
Coned Seal, BellowS TYDR.ceveeevenreocacnes Ceeereeennen ceeeeeennnan 19
Coned Face, Pusher Type 8B Seal, 5l1.3%Balance................... ... 22
Analysis Of PerfOrmance....eeeeeececeeeoenss teeeceecscasaccsasaasss 24

CONCLUDING REMARKS. . . s seeescecnnecennaces G eeeeneaceeae Ceeseseneenaes ce.. 26
ACKNOWLEDGEMENTS. . .. .vvuenrnnennnns e eeeneeaaes eeereereaenanas 27

¢¢¢¢¢¢¢

APPENDIX Lecececeacoancsoncnconnsoson,eeennnsenssasesassssasnassssenssss 28
APPENDIX 2cececeescenssacscacsassosss oounnnes teeeeesnececeseseccanens .. 32
REFERENCES. ... .. ceeeaes Cereveeeeaes e I &
TABLES 1 THRU 3...cvuvveracancaoncncas P 1

LIST OF FIGURES....... Ceeeaneen eeeennnaes Ceeereeeas U, .\



SUMMARY

The effects of a face coning on seal performance, especially energy
losses as indicated by torque, were studied by camparing cne conventional
flat face pusher type seal of 88.90 mm (3.5") mean face diameter with three
seals of the same size where a convex cone was lapped on the face of the
stationary flexibly mounted primary ring. One seal was a metal bellows type,
the cther two were pusher type seals equipped with the antirotation linkage
drive, Measurements were made of the seal torque, face temperature, leakage,
and of the axial movements of the seal mating parts.

The test conditions ranged from 0 to 2758 kPa (0 to 400 psig) for pres-
sures and 1800 to 8000 rpm for the rotor speed which corresponds to a 8.08
n/sec. to 40.74 m/sec. (26.5 ft/sec. to 133.6 ft/sec.) sliding velocity at the
face mean diameter. The cone height on the face of the tungsten carbide pri-
mary ring ranged fram .51 micrometers (20 microinches) to 5.6 p=m (220 p=-in.)
per 3.175 mm to 6.36 mm (.125 in. to .25 in.) face width. The face material
of the standard flat face seal was carbon.

The axial movement of the seal mating ring-rotor and its primary ring-
stator was sensed using 5 miniature displacement censors. The seal motion was
then abserved on an oscilloscope and digital displacement data stored on a
magnetic tape using a fast analog to digital converter and a data acquisition
system consisting of a microprocessor and a desktop cumputer,

Studies show that the cone lappad on the seal face results in energy re-
duction for the seal. The torque produced by the cone race seal, balanced to
76.3%, was on average 42% lower than that of the cammercial flat face seal of
the same balance and the same spring load. The frictiaon torque of the flat
face seal was sufficient to stall the rig driving motor when attempted to
operate this seal at 8000 rpm.

The penalty for the lower torque was the increase in the seal leakage in
proportion with the cone height at the same face width. The leakage averaged
eleven times more for the coned pusher type seal and five times more for the
coned bellows type seal. Reducing the spring closing force and the seal bal-
ance to 51.3% resul*ed in further reduction of the torque by 44%, while the
lJeakage increased 12 to 230 times, depending on the shaft speed.
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Due to the better cooling resulting fram the increased flow through the
seal interface, the face temperatures of the cone face seals were 33% (60°F)
to 56°C (140°F) lower.

The wear on the tungsten carbide faces of the coned seals was greatly
reduced. Although the tests were shurt (15 to 20 hours total for each seal),
the conventional seal experienced wear amounting to 2.5 p=m (100 u=in.) on
the ID of its flat face carbon primary ring. No wear tracks could be cbserved
on the mating parts of the coned seal, balanced to 51.3%, and anly several
microscopic wear tracks were visible on the face of the other two coned seals.
Reduced wear on the seal parts is another indirect form of energy conservation.

The seal faces contacted durirg the runs with the flat face seal and were
separated on the tests with the coned seals as indicated by the appearance of
the seal faces. The exact amunt of the clearance between the mating parts
could not be measured accurately because of the temperature effect on the
calibration of the displacement probes and on the rotor target ring.

In all tested seals, the flexibly mounted stationary primary ring syn-
chranously tracked the angular misalignment (axial runout) of the rotcr indic-
ating a stable operation. A time dependent phase shift was detected in motion
of the coned face seals, the flat tf3ce contacting seal experienced a pure
axial translation motion without any lag between the stator and the rotor.
During the tests with the pusher type seal, the maximum phase shift was mea-
sured 290° wh:le on the bellows type seal it amounted to 37° because of lower
inertia of the primary ring.
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INTRODUCTION

Sealing technology can provide significant contributions to our national
problem of energy canservation (1). Much recent and on-going research needs
to be advanced and integrated in functional seal designs that offer substan—
tial savings in energy (2). Such savings can be achieved in operating mach~
ines by improved performance as indicated by reduced friction (and, therefore,
cooling) , by lower leakage, and by extended service life with minimal main-
tenance. Also, energy conservative concepts can guide the selection of mat-
erials for construction and manufacturing me*hods.

The machine builders and operators that select mechanical components like
seals choose to innovate with the components that they campletely control in
the design and manufacture; thus, they are reluctant to change, encourage or
purchase new types of seals until service problems dictate that course.

Energy losses in seals have not been an important design parameter for machine
builders. For example, asbestos packings are still widely used although there
can be little guestion that a properly selected shaft seal is more effective
acoording to most any basis for performance comparison, but especially for
energy conservation. Seal manufacturers must supply products that machine
builders will purchase. It is not economical to pursue totally new concepts
in seals, but rather to make incremental advancements in response to real or
anticipated operational problems. Accordingly, most of the research and
development cttention has dealt with product improvement (as the econamics
dictate) and the rate of progress on a new energy conservative dynamic face
seal has also followed that course.

One of the major requirements for an =nergy conservative seal is reduced
friction and wear at the primary sealing interface, which can be accomplished
by optimizing lubrication and pressure balance. Another requirement for seal-
ing, also dependent on the above, is to maintain sufficiently precise geo—
metry accamodation at that interface to minimize leakage flow: the leakage
loss of any process fluid represents an energy loss for the system. NASA-
Lewis, through its in-house, contract, grant programs, and special workshop
seminars, has done much to identify, isolate, ard quantify effective film
formation parameters and geametric considerations of leakage paths in face
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seals (3 to 15). The results from repurted research studies were reviewed to
select concepts for optimizaticn and the design, fabrication, and evaluation
with the dbjective of an energy conservative seal. There are problems in
aerospace transportation (e.g. accessory seals for turbofan engines), in man-

ufacturing process industries (e.g. pump seals for chemical process systems), -
and in other segments of this nation's present industrial complex where the :
technology of an energy conservative seal can be utilized to the national ad-
vantage.

The cbjective of this program was to design, fabricate, and experimental-
ly evaluate an energy conservative face seal. The study utilized the tech-
nology on seal interface film lubrication advanced by Lewis and built on the
expertice in sealing of Crane Packing Company. Thus, well established and
successful sealing technology improved by utilization of NASA sponsored seal
research could provide a significant advancement of the stat= of the art.

Recent analyses for NASA by I. Etsion and collaborators provide the back-
ground for experimental Jata on face seal liquid film concepts. An energy
conservative seal was designed and built, modifying a successful, widely used,
camercial seal. Design considerations concentrated on dvnamic stability us-
ing coning to reduce the hydrodynamic transverse moment and, therefore, im-
prove stability. The greatest probability for maintaining a liquid film,and
thereby minimizing solid contacts at sealing interfaces,was sought for opera-
ting conditions relevant to real needs. Experimental evaluation was per-
formed at rotation speeds to 8000 rpm, with pressures to 2758 kPa (400 psiq)
using a petroleum base turbine oil. Seal leakage, torque, and dynamic dis-
placement measurements were made.



ANALYTICAL BACKGROUND

Nomenclature

a - linearity constant, eq. (2)

2 2
B - seal balance ratio, (r, -1y )/(roz-riz)
C, - equilibrium center-line clearance
F*spi - initial spring load

K*¥ -  supporting springs constant
m* - ring mass

P - pressure

4p - pressure diffarential, p,-p;
Q - volumetric leakage

R; - dimensionless radius ratio, rj/r,
r - radius

I, - seal balance radius

I, - ring radius of gyration

Tgp - radius of spring location

H - cone height, A*(ry-ri)

3* - coning angle
(2 - normalized coning, 3 *ro/Co

u - visccsity

w - shaft angular velocity

Subscripts

i - immer radius
m - mid radius

0 - outer radius



The mein objective in any seal is to minimize leakage. To this end the
separation of the mating faces should be as small as possible. In conven-
tional application this aim is achieved by using contacting seals where a
caplete or partial mechanical contact between the mating faces is maintained.
When speed and pressure increase, mechanical contact results in excessive
wear, high friction-loss, which may became intolerable, and short seal life.
The solution to this problem is found in the use of non-contacting seals in
which a camplete fluid film is maintained between the faces in relative slid-
ing. The presence of such lubricating fluid film reduces friction losses and
increases seal life at the expense of some tolerable leakage. To avcid ex-
cessive leakage, the separation between the mating faces or the sealing gap
should be very small, of the order of a few micrometers. Hence, any uncon-
trolled movement of the flexibly mounted seal ring can cause drastic changes
in the sealing gap. This ca:: sventually lead to seal failure due to rubbing
contact or excessive leakage.

Fram the preceding discussion, it becomes evident that dynamic and static
stability of the flexibly mounted ring is essential for safe operation of non-
contacting seals. Damping and stiffness properties oi the flexible support,
as well as of the lubricating fluid film, mass-inertia of the seal ring, seal
balance, and operating conditions are all important factors which affect seal
stability. Flat face seals, for example, suffer from the lack of axial stiff-
ness of the fluid film. Thus, it is impossible to maintain and cantrol a
desired sealing gap with flat face seals. One way to overcome this difficulty
is to use coned face seals where proper coning 1s intentionally introduced to
cne of the matinc faces. The dynamic behavior of non—-contacting face seals
was analyzed in (13) for the case of rigidly mcunted rotating seat and a
flexibly mounted stationary ring without damping in its flexible support.

Generally, three modes of seal operation were found. The results for a
coned face seal of 0.9 radius ratio are shown in Figure 1 in the form of
stability maps. Three dimensionless groups of parameters affect the seal's
stability; the speed parameter (r GJ/r ) - m W /K the pressure parameter
(rm/rsp) (p_~p.)x /KC anduaemnmgparanetersr/c. As shown in

o i’ "o
Figure 1 when “he seal operates at a given pressure ard coning parameters
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there is a critical speed parameter below which the seal is stable. In the
stable region the flexibly mounted ring tracks the rotating seat synchronous-
ly. At equilibrium a desired design clearance is maintained bctween the mat-
ing faces and any disturbance of the seal ring from its equilibrium position
disappears after a short period of time. If the speed parameter is increased
above the critical value, the seal becames unstable, the design clearance
cannot be maintained, and rubbing contact occurs resulting in high friction
losses and zventually seal failure. In the transition between the stable and
unstable modes of operation, the flexibly mounted ring wobbles at a frequency
that equals half the shaft speed, rubbing contact is avoided but high leakage
may result fram large relative misalignment between ring and seat. The three
modes of operation mentioned above were cbserved e:perimentally elsewhere (14)
but no quantitative results are yet available 0 confirm the prediction of
Ref. (13). The critical speed parameter is related in (.3) to the pressure
and coning parareters by the expresssion
(pg*c ®% )2 (1)
o} Tep
where the linearity constant, a, depends aon the coning parameter and has the
form

r 2
(I_S.)qu‘f_‘:’_ = 4 + a
sp cr

- 2 2 1- BRi
a= -8R, *(1 - R,)) — (2)
2+80-Rr)}’

w
"

g* (3)

Ool Oﬂ

An optimm ot.auny xists which maximizes the value of the critical speed
paramet=r at 2ny given pressure parameter. This optimum coning is given by

8, = 2 (4)
ot R. (1 - Ri)

1

Designing the seal with the optimm coning as given by (4) provides the
largest range for stable operation.



In practice the actual clearance Co at standstill can be calcuiated fram
the quadratic equation

2 - -
2K*C_? + [2Fspi + KM + 4 (r) - 1) (B - &) AP'.[ S

(S)

- 27rrm(ro - ri) (1 ~B) HAp + F* 0

spif! =
where H is the cone he:ght measured over the seal face width and related to
the coning angle by

B is the balance ratio, and Ap is the pressure differential across the seal.
The values of C,) calculated by (5) for various Ap's can then be used in
egs. (3), (2), an. (1) to calculate the corresponding critical speed values,

The leakage across the seal, assuming parallel faces, is given by (see
ref. 15)

EN:
2 T,

Q= AP c? Tm 1+
6u © I,-r;
Hence, it can be seen that coning, expressed here in terms of cone height H,
increases the leckage by 1.5 H/CO compared to a flat face seal with the same
clearance Co' :
The critical parameters of the tested coned face seals were calculated
using a computer program "CREARM" described and reproduced in Appendix 1.
The progran is based on expres~sions (1), (2), (3), and (5). Fram the results
generated, the stability maps for the tested coned face seals were constructed
with the location of test points indicating the character of seal operation.

A total of three coned face seals operating in non-contacting manner wers

) (6)

tested and their stability maps are shown in Figures 2, 3, and 4. Cone
height as lapped was worrected for a deflection of the primary ring due to
the sealed pressure on the OD.



EXPERIMENTAL SEALS

TwO seals were needed for each experiment. The front seal with a probe
target plate attached tc its primary ring r/as the test s=2al. The rear seal
was of an identical design, but without the target, served to close the back
side of the seai cavity. Stationary flexibly mountad primary rings cf poth
seals were running against the opposite sides of the cammon rotor shown in
Figure 5 made of tungsten carbide. The rotor and the primary rings were re-
lapped and repolished before each test if the damage on the faces was not
severe,

A total of four different seals with the design characteristics in
Table 1 were tested. The dimensions of the primary ring used in tests with
the pusher type seal are shown in Figure 6.

a. Conventional flat face pusher type seal, balanced to 76.3%.

This is Crane Packing Cawpany's cammercial Standard
Type 8B Seal with an O-ring as a secondary seal. A
pusher type seal is defined as a mechanical seal where
the secondary sealing element is pushed along the shaft
or sleeve to canpensate for face wear, Non-pusher seals
employ bellows or diaphragm as secondary sealing elements.
The primary ring, shown in Figure 6, was held in place by
a conventional. round drive dent on the OD.

b. Coned face pusher type seal similar to the above Standard
Type 8B Seal, but equipped with a low-friction, anti-
rotation linkage drive. The seal shown in Figure 7 also
used an O-ring as a secondary se:l and was balanced to
76.3%.

c. Coned face bellows type seal, which is Crane Packing Com-
pany's Type 15 Seal. The design, as originally proposed,
was modified several times in order to eliminate the
effect of thermal distortion on the primary ring. Also,
the seal balance was reduced by 8% to 79% at 345 kPa
(50 psig). With this type of seal, the seal balance
usually shifts when the pressure changes and at 1379 kPa
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(20t psig) the balance was mesasured to be 68%. The
lat~st design of the front and back seals, that were
«3&d in the testing, are shown in Figures 8 and v.
d. Modified coned face pusher cype seal shown in Figure
10 and sindlar to Type 8B Seal. This seal was of
the same des jn as previously described except that
the seal balance was reduced from 76.3% to 51.3%
and the spring closing force decreased to 10.7 New-
tous (2.4 lbs}. A 3.17 mm (1/8") cross section O-
ring in place of a secondary sea' was replaced with
the thimer 2.38 mm (3/32") O~ring and a spacer to
reduce the damping effect of the C-ring on ithe
primary ring. Those changes were made to cbtain a
seal capable of operating in the dynamically un-
stable region of operation (See Figure 4) at the
speed range available on the test rig.

PREPARATION OF THE SEAL FACES

The flat faced primary rings for the initial run with the Standard Type
8B Seal were production lapred and hand polished to a .38 p-m (1S5 p-in.) flat-
ness per 6.35 mm (1,/4") face width. Both mating sides of the cammon rotor
were also production lapped flat and polished to less than 2 helium light
bands .58 p=m (23 1=in.). Unless the rotor was damaged beyond repair durinc
the test, it was reused in the subsequent test runs.

f'or the tests with the coned seals only, the surface on the stationary
primary ring had a cone, the other mating surface on the rotor was flat.

Convex coning on th2 seal ring was produced on Crane Packing Campany's
Lapmaster Model 12 lapping machine with the conca~ lapping piate. The set up
that produced 2.8 to 3.8 u=m (110 to 150 u=in.) cone height on the tested
seals is a result of many trials and it is reproduced in Figure 1ll. Boron Car-
bide No. 3600 lapping campound with the average particle size of .4 microns
(15 micro inches) was used for lapping. Usually the seal ring was lapped 10
to 15 minutes and then the slope of the seal face was measured on the Taly-
surf Model 4 apparatus. This procedure was then repeated until the desired
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slope on the seal primary ring was cbtained.

The cone height was measured as an axial distance between the highest
and lowest intersecting point of the straight profile line with the face OD
and ID lines. The coning angle can then be expressed as a function of the
cone height and the seal face width.

An existing test rig (see photograph in Figure 12) with a new oil circul-
ating loop and added instrumentation was used for the testing. The housing
and mounting of the seals are shown in Figure 13.

A rotating seat, camon to both {ront and rear seals, was rigidly mount-
ed an the shaft using an adantor. The spindle shaft was driven through the
set of Poly-V pulleys by the 15 hp DC variable speed motor. The inner housing
had freedam of motion to allow measurement of the friction torque of both
seals.

The fluid circulating loop with the auxiliary equipment is schematically
shown in Figure 14. A centrifugal pump was used to circulate Shell Turbo 46
0il through the seal cavity and the heat exchanger. O0il leakage was replenish-
ed by the piston pump. The pressure in the system was maintained by using a
piston type hydraulic accumulator with pressurized air c.a one side.

In the testing with the modified coned Type 8B Seal, balanced to 51.3%,
the centrifugal oil pump was replaced with a gear pump of lower volumetric
capacity, but of higher pressure rating which eliminated need for the piston
punp. 1Tap water was used in the heat exchanger and in the circulating pump
for cooling.

A list of all measured variables and measuring instruments is given in
Table 2. A photograph of the test instrumentation is in Figure 15.

Test Rig Performance Data and Specifications

Rig Saaft Speed: Variable fram 0 to 8000 RPM with
pulley ratio 3.11
Tested Speeds: 1800, 3600, 3400, and 8000 RPM
Tested Pressure: 0 to 2758 KPa (400 psig)
Rig Maximum Pressure: 3447 kPa (500 psig) in the seal cavity
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Rig Maximum Temperature: 121°C (250°F)
Fluid Circulation with the Centrifuga® Pump: 11.4 liters/minute (3 GPM)
with the Gear Pump: 7.6 liters/minute (2 GPM)
Fluid Used in the Test: Shell Turbo 46 Oil, Viscosity in SSU,
223 at 38°C (100°F), 48 at 99° (210°F),
specific gravity 29.5° API (=.8789 g/an3
at 15.6°C (60°F)).
Motor: 15 HP, 220 Vac., 3 PH, DC variable from 0 to 2500 RPM
Centrifugal Circulating Pump: "Covcoran", made on special order
per drawing D-208177
Gear Pump: Double A, Model Bl.5
Piston Pump: Haskel AM35C, 2" Stroke
Spindle: Whitnon Model D693 with Air Mist Lubrication
Material: Pod Cylinder, Housing, and Seal Adaptors - Stainless Steel
Connecting Lines: Rigid - 1/2" OD x .035" wall, 316 SS Tubing
Flexible - 1/2" ID, Synflex #3030 Hose

Data Acquisition System

Acquisition of data was subject to stringent speed requirements. The
analysis of the seal ring dynamics required at least one acquisition every 30
degree turn of the shaft. It was established that a minimum of five measures
of individual ring displacements is needed to define the mutual position of
the stationary and rotating seal rings. That, at the maximum shaft speed of
8000 rpm, translated int» an acquisition rate of at least 8000 measurenents
per second, 125 us per measurement.

To satisfy the above rate of data acquisition, a system with accurate,
yet fast, analog-to-digital converter had to be chosen. Since nothing rea-
sonably priced seemed to be available, the system was put together fram in-
dividual camponents and its heart was Burr-Brown's 12 bit successive approx-
imation A/D converter MP32BG. It was made part of a small microcamputer
system, where the controlling unit was Texas Instrument's TM990/189 board with
16 nit TS9980A microprocessor. To save the generated measurements, the RAM
memory was increased to the full extent of its memory field (total available
for data - 8192 bytes). In order that this data could be analyzed, a rudi-
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mentary GPIB interface was simulatad on TM990,.189 with 8 data lines and con-
trol lines necessary for three wire handshakes. That made it possible to
transfer the data from the TM990/189 system to the Hewlett Packard's HP-85
desktop microcamputer. Thereafter, the data could be conveniently stored or
cartridge tapes for later analysis. Further, its printer and the HP7225A
plotter peripheral made it possible to provide a permanent record of the data
and products of data analysis.

The final speed of acquisition of this system turned out to be almost
exactly 100 us per measurement. This was split half and half between A/D
conversion time (50 us) and speed-optimized machine code written acquisition
program (50 pys). This rate of acquisition was constant, yielding 15 acquisi-
tions per shaft turn at 8000 rpm, 22 at 5400 rpm, and 66 acquisitions/rev. at
1800 rpm. Five measurement channels of this system were sensing DC voltage
on output terminals of Kaman's eddy current system described later in a chap-
ter on Displacement Measurement. Schematic of the whole system is illustrated
in Figure 16.

Torque Sensing

The friction of the front and rear seal and in the pod cylinder bearings
was measured. Force was transmitted throush the restraining arm to a 0-445
Newton (0-100 lbs.) load cell. The point of contact between the arm and the
load cell was 152.4 mm (6") distant from the center of the spindle shaft. The
assembly is shown in Figure 17. The ocutput from the load cell was recorded by
a fast frequency response Gould Model 2400 Recorder.

During the 1800 rpm test run with the coned bellows type seal, the load
cell became inoperative and the alternate strain gage beam arrangement was
used. The response of the strain gage was slower than the response of the
original load cell. After a repa’r, the load cell was reinstalled and used

again.

Leakage Measurement

On the tests with the flat face seal, the leakage was small and was conl-
lected in graduated cylinders. They were placed below the end cover plate for
the front seal and below the hose ended hole at the bottom of the rear end
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plate for the rear seal. Leakage accumilation was recorded.

The same procedure, but with a larger graduated cylinder, was used on
the tests with the coned face Type 8B and Type 15 Seals shown earlier.

To collect higher leakage and also to supply new oil into the system dur-
ing the tests with the modified coned face seal (51.3% balance), the centri-
fugal oil circulating pump had to be replaced with the gear pump. A leakage
draining hose with a valve was added to the front seal, which discharged the
oil directly into the pump reservoir after the leakage was measured with the
graduated container.

Displacement Measurement

Eddy current proximity probes manufactured by Kaman Sciences Corp. were
mounted in threaded holes on a sleeve attached to the front seal adaptor. The
brass sleeve was then inserted in the center of the front seal, bringing the
probes close to the target ring pressed into the rotor and the target plate
epoxied on the ID of the primary ring. The arrangement is illustrated in
Figure 13. A digital volt meter was used to reasure output of each probe
while positioning the probe within the measuring range.

Initially eight probes were used to sense the seal motion, but three
probes sensing the radial displacement were removed since the data was not
needed for the analysis. Relative location of the probes is shown in Figure
18,

Two probes (#1 and #5) placed 180° apart sensed the axial movement of the
rotating mating ring (rotor):; the remaining three probes (#2, #3, and #4),
placed 90° apart, sensed the axial movement of the flexibly mounted stationary
primary ring (stator). The analog output fram these probes was converted into
the digital data, printed out in the form of displacement vs. time graph and
then stored on the magnetic data tape cartridge using TM990/189 microprocessor
and the HP-85 desktop camputer. Part of the typical output from the camputer
with the added distance and time scules is shown in Figure 19. The large
spikes on Traces #l and #5 (Figure 19) were generated by a groove on the rotor
made for the timing purposes; other irregular spikes of higher frequency and
small amplitude are due to electrical noise.

The time duraticn of one recording was determined by counting the number
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of large spikes and camparing it to the speed at which the seal is operating.
The recorded time interval was thus .42 seconds long. One camplete data ac-
quisition run, i.e. the A/D conversion, data transmission to the HP-85, print-
ing and storing the data on magnetic tape, took approximately 17 minutes.

The output of the probes was also supplied into the dual beam oscillo-
scope for a direct dbservation of the seal movement. Photographs on Figure
20 show the contacting seal under the stable conditions.

Calibration of the probes was done on a fixture using a micrameter head
with the smallest graduation being .l u=-m (= 4 microinches) to measure the
target distance fram the sensors. Signal voltage, which is proportional to
the largest distance, was measured on a 4-1/2 digit voltmeter. Zero output
was set at the target offset distance of 50 u-m (= 1969 p-in.). Output was
adjusted o 2 volts at 100 i-m displacement from the offset position. Linear-
ity was less than 1 p-m (40 p-in.) within the 0 to 150 u-m measuring range
and less than 2 p=-m (80 p-in.) within the 0 to 350 u-m range. Most of the
testing was done within the 0 to 150 u-m range. The probes were calibrated
at the 27°C (80°F) ambient temperature. Higher target and probe mounting
sleeve temperature caused a shift in the sensor outputs, therefore, a cali-
bration graph for each probe at the higher test temperature was developed and
the output shift was compensated for. During the dynamic run, the test temper-
ature of the stator target was several degrees less than the taperature mea-
sured at the scal face. The temperature of the probes mounting sleeve, mea-
sured approximately 10 mm (.39 in) away from the probe No. 3, was 10 to 30°%¢
(18 to 54°F) lower than the tamperature of the target. During the static
measurements, both temperatures were the same as ambient temperature. The
sensors and their oscilator—demodulator units broke down several times during
the testing. Same failures were of electrical origin, same were caused by
axial thermal expansion when the probe tip touched the rotating target. This
was later avoided by inserting the probe sleeve with the probes inside the
seal for a short period of time only to take a reading at the given test con-
ditions.

To reduce a low frequency electrical noise resulting fram intarference of
electramagnetic fields of the adjacent probes, the oscilator demodulator units
were synchronized by a circuit modification in each unit. Also, isolation of
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the sensors moaunting sleeve and the grounding of the test pod housing reduced
the electrical noise.

TESTING AND DISCUSSION

Seal Installation

Prior to assembly, the seal camponents were cleaned with a solvent and
then ultrasonically in detergent. The seal was assc »led and the thermocouples
were epoxied to the primary rings.

Design of the rig required that the rear seal was installed first. Next,
the rotor mounted on the shaft adaptor was secured in place by tightening the
nut on the spindle shaft. The rotor axial runout (TIR) wes measured with a
dial indicator at the mcin face diameter. If the runout was greater than .025
m (.001"), the supporting back side of the rotor was shimmed until the runout
was less than the above value. The front seal in assembly with the sleeve and
the rig cover plate was then inserted into the seal cavity housing and the
screws holding the cover plate were tightened. The probe mounting sleeve was
positioned inside the front seal and individual probes were adjusted until they
were within the measuring range. At the early stages of the testing, the sen-
sors remained in the rig for most of the time. This required positioning the
probes initially close to the maximum measuring range. This was done because
the thermal expansian of the shaft brought the rotating target closer to the
probas with the chance of touching and damaging the sensors. During the last
test, the sleeve with tie probes was kept at a safe distance and moved to with-
in the measuring range only to take a reading. The initial static reading had
to be taken then for each position and temperacure.

Test Procedure

After closing the system, the piston pump was turned on filling the seal
cavity and the connecting lines. Air was vented fram the top of the seal cav-
ity until the svstem was filled with oil and the piston pump was shut off.

A typical test started with taking of the displacement data under static
conditions at pressures increasing up to 1379 kPa (200 psig) for the bellows
type seal and up to 2758 kPa (400 psig) for the O-ring (pusher) type seal.
The system was checked for leaks and the leakage fram the seals measured.
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The rotor axial runout was measured while turning the shaft by hand. The
maximm and minimum readings were then taken using the dial indicator. The
same measurements were also taken with the displacement probes #1 and #5 to
verify a calibration of the probes.,

The main pump circulating oil through the seal cavity was startad for the
dynamic test. The flow amounted to 11.35 liters/minuie (3 gpm) when the cent-
rifugal pump was used and 7.57 liters/minute (2 gmm) when the gear pump was
installed in the system. Then the drive motor was energized and adjusted to
give the required test speed an the seal shaft. The speed could be cbserved
on the #4 channel of the Gould recorder and checked with a strobe light. Pres-
sure in the seal cavity was increased by requlating air into the piston type
accumulator until the required tested conditions were reached.

Duration of each test at a given pressure and speed was about 30 minutes.
Data acquisition of the seal displacement, temperature, and torque recordings
were taken at the end of this period when the 0il temperature had stabilized.
Leakage was also measured during this period. The procedure was repeated at
higher pressures up to the maximum for the given seal. Then the speed was in—
creased znd the readings were taken again at the different pressures. A sum
mary of the tests for each seal is shown in Table 3. The torque, leakage, and
the face temperature of the tested seals were plotted against the pressure as
shown in Figures 41 to 46 and Figures 52 to 61. The torque curves represent
a sun of torque values for front and rear seals. The face temperature, as
well as the displacement, was measured on the front seal only.

The o0il circulating loop, as originally proposed, placed the seal cavity
on the discharge line of the main oil punp and the heat exchanger on the suc-
tion line. Due to the head pressure of the pump, the minimum pressure in the
seal cavity was 207 kPa (30 psig). To obtain 0 pressure in the seal cavity,
the heat exchanger was placed on the discharge line of +he main puwp as it is
shown in Figure 14. This arrangement was then used on tests with the bellows
type seal and on the last test with the coned pusher type seal balanced to 51.3%.

Flat Face Seal, Standard Pusher Type 8B

The purpose of this test was to check the operation of the equipment and
to establish baseline data for camparison. The seal was tested at pressures
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of 207, 345, 689, 1034, 1379, and 2758 kPa (30, 50, 100, 150, 200, and 400
psig) and speeds of 1800, 3600, and 5400 rpm, which was the maximmm speed of
the rig at that time with the 355 mm (14") and 152 mm (6") diameter pulleys.
Two identical seals were used on the front and rear sides, but the test read-
ings were taken fram the front seal only. Preventing the primary ring from
rotation, was acoamplished by eight circular dents on the ID of the retainer
and the same number of mating notches on the primary ring 0D, a standard de—
sign practice for this seal. A 3.175 mm (1/8") nominal diameter C-ring was
in place of a secondary seal between the prima'y ring and the sleeve. Tha
initial load an the primary ring was exerted Lv equally spaced compression
type springs. The design data for this seal, as well as for other tested
seals, is shown in Table 1.

The test started with a full camplement of twelve springs, giving a
total force of 320 newtons (72 lbs) on each seal head, but eight springs had
to be removed to reduce the load on the 15 hp motor. The resulting spring
force on the seal face was then 116.6 newtons (26.22 lbs.) for the front seal
and 114.9 newtons (25.84 1lbs.) for the rear seal at the seal working heights.
When attempting to run at 8000 rpm with the 114 mm (4.5") driven pulley, the
iriction in the seal was enough to stall the motor and the test at the maximum
speed was abandoned.

The Standard Type 8B is a contacting conventional seal where the hydraulic
pressure and the spring load forces the mating surfaces into contact, creating
a barrier against the pressurized fluid. The hydrostatic closing force amount~
ed to 438.2 Newtons (98.5 lbs.) at 689.5 kPa (100 psig) and 1403 Newtons
(315.4 1lbs.) at 2758 kPa (400 psig) presuming a linear pressure distribution
across the seal face (pressure gradient = .5). The torque and the face tem-
perature produced by a rubbing action were subsequently highest among the
tesced seals and thi~ seal could not be operated at the maximum rig speed of
8000 rpm without the stalling of the driving motor.

The face temperature was in excess of 149°¢ (300°F) when the seal was
running at 5400 rpm. The wear on the carbon primary ring after only 20 hours
of running can easily be seen in Figure 24. The ID location of the worn off
material indicates that the seal face urderwent a convex rotation due to the
thermal expansion and that the 1.2 y-m {50 u=-in.) waviness of the primary ring
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(Figure 24) might also create some positive torque reducing hydrodynamic lift.
The leakage from this seal was more than ten times lower than from the
ocomparable seal with the purposely lapped cone on its primary ring face. No
leakage was observed at 1800 rpm up to 2068 kPa (300 psig):at 3600 and 5400
rmm, it ranged from S5 to 35 ml/hour. The displacement amplitude and frequency
of the primary ring was same as that of the rotor, indicating on a pure axial
translation motion without any phase shift between the stator and rotor.

Coned Face Pusher Type 8B Seal, 76.3% Balance

The cbjective of the coning was to allow the sealed liquid to form a lub-
ricating film between the mating faces. This eliminated the material contact
and reduced the friction losses, thus lowering the power requirements for the
seal. The assembly and the design data of this seal are shown in Figure 7
and Table 1, respectively.

The front stationary primary ring was lapped to 2.7 u-m (106 Y-in.) con~
vex cone height per 6.33 mm (1/4") wide seal face, the rear seal was lapped to
3.04 p=m (120 p—-in.) per same seal width. The same rotor used as a mating
face fram the previous testing with the flat face seal was relapped, polished,
and used again. The spring force on the primary rings and the seal balance
also remained the same. The only other change, besides the coning, was the
method of holding the primary ring in the retainer. An unrestricted radial
and axial movement of the primary ring is necessary for the ring to track the
rotor and maintain a small clearance essential to proper operation of any non—
contacting seal. This is not needed for a contacting seal where the friction
in the dent type drive is insignificant in camparison to the closing force
acting upon the primary ring. The holding of the primary ring in its retainer
was, therefore, changed and a linkage type antirotation lock described below,
was then used.

One end of each of the three links was mounted on a retainer pin, perpend-
icular to the seal centerline. The other end was rotatably attached to the
disc. The springs between the retainer and the disc with the three pins sup-
ported the primary ring preventing it fram rotation, but at the same time
allowing it to move axially without the friction between the primary ring and

-17-



the retainer. The only direct external friction force acting upon the primary
ring was then fram the secondary seal, a 3.175 mm (1/8") naminal diameter O-
ring.

The mating face materials on both seals were made out of tungsten carbide.
Due to the lower power consumption of this seal, the rig could be operated at
its maximm speed of 8000 rpm. The tests were run twice; once with the four
axial probes and then repeated again with the five probes located as shown in
Figure 18.

Better lubrication of the seal faces introduced by the coning of the pri-
mary ring was sufficient enough to reduce the torque produced by the seal and
lower the seal face temperature. The recorded peak torque for this seal, shown
in Figure 42, was an average 47% lower at 1800 rpm, 40% lower at 3600 rpm, and
nearly equal, only 3% lower, at 5400 rpm than the torque of the flat face seal
shown in Figure 41.

Measurements also indicated that the torque at 5400 rpm was 54% higher
than the torque at 800C rpm. This is assumed to be due to the phase change
of the liquid because of the high shearing of the fluid in the interfacial
film. Resulting reduction of the shearing area and change of viscosity of the
oil caused lower torque reading at 8000 rpm. Still, more heat was generated
at this speed and the measured temperature was higher than at 5400 rpm. Fur-
ther investigation was not attempted since it was not within the scope of this
project. At the end of the testing, an attempt was made to operate the seal
at 0 kPa (9 psig) by shutting down the oil circulating pump temporarily at
the shaft speed of 5400 rpm. After that, the seal face temperature quickly
rose and within 30 seconds the rotor had cracked. Upon disassembly, the wear
tracks and the heat checking marks were visible on the face ID of the seal
primary ring confiming that the contact did occur. Photographs of the seal
faces are shown in Fiqure 21.

The penalty for a lower power consumption of this seal was an incvease in
the leakage. At 1800 rpm and 2758 kPa (400 psig) pressure, the leakage was 14
times higher, but with the increased speed the difference was less. At 5400
rpm, the leakage was only 9 times higher than for the flat face seal. Also,
the face temperatures did not change with the pressure and remained 28 to 50°C
(50 to 90°F) lower (See Figures 58 and 59).
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It is reasonable to expect that Gue to the face wear, the leakage of the
flat face seal would increase with time while the leakage of the coned
seal would remain the same, giving it a more favorable ratio in the endurance
tesct.

The rotor axial runout (TIR) measured at the probes diameter was .0l mm
(.0004 in.) which corresponds to the face axial angular misaligrmment of 164 u
rad. The primary ring again tracked synchrciously the rotor axial runout, but
in contrast to the flat face seal where no phase shift between the stator and
the rotor occured, coned primary ring was lagging in tracking the angular mis-
alignment of the rotor. The amount of lag or phase shift was variable with
time,

Typical displacement recordin: for this seal is shown in Figure 62. The
effect of the operating temperature on the calibration of the displanement
probes had prevented the measuring of the face separation accurately at most
of the tested pressures and speeds.

Coned Seal, Bellows Type

The front and rear seals of this type (Crane Packing Campany's Type 15
Seal) are shown in Figures 8 and 9. Both seals were equipped with the coned
face tungsten carbide inserts as a stationary primary ring. Because of the
pressure limitation of the metal bellows, the maximum test pressure was lower-
ed to 1379 kPa (200 psig). The seals also required several design changes
described below to eliminate the damage to the seal faces occuring at the be-
ginning of the testing.

a. The Standard Type 15 Seal initially had high spring force. Both

front and rear seals had over 445 Newtons (100 lbs.) load at the

bellows working height. The load was reduced in steps down to

89 Newtons (20 lbs.) by machining off the back side of the seal

adaptor.

b. The designed seal balance for 6.35 mm (1/4") wide faces and for

92.71 mm (3.650") balance diameter was 75%. Measurements showed

the seal balance diameter to be 91.11 mm (3.587") at 345 kPa (50

psig) giving a balance ratio of 87% and a high load on the seal

face. The face 0D was, therefore, reduced to 97.28 mm (3.830")
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c.

with the resultirsy balance 79% at 345 kPa (50 psig) and 68%
at 1379 kPa (200 psig).

Mounting of the seal primary ring (insert) in the bellows
adapter had to be changed also. During the first tests,

the tungsten carbide face insert was rigidly mounted in

316 SS adapter using a structural adhesive. Elevated tem-
peratures during the test and the subsequent thermal ex-
pansion of the bellows adapter then caused the seal face to
rotate with the adapter to such an extent that the 2,65 u-m
(105 p=in.) convex coning of the insert face had changed
into the concave coning. The wear track was cbserved on
the OD of the face instead of on the ID as could be expacted.
The front sez2l was more a‘fected than the rear seal because
of more massive adapter necessary to hold the targmt plate
for the displacement probes. Profile measuremanis of the
oven heated insert and adapter assembly showed that the face
was 19 u-m (745 y~in.) concave at 117°C (248%F), flat at 49°C
(120°F) and 2.65 p-m (105 u=in.) convex at the ambient tem-
perature of 29°C (86°F). The insrrts were then removed from
the adapter and both were reworked. 1Two pins, O-ring, and
reducing the mass of the adapter as shown in Fiqures 8 and 9
were used to eliminate the temperacure effect and allow the
free expansion of the inserts.

During the initial test runs with the Type 15 Seal, the thermmal
expansiaon of the brass ring press fitted and epoxied in the
rotor also caused cracking of the rotor. The ring, which was
used as a rotor target for the displacement measurement, was
split in ane place campensating for the expansion at higher
temperature.

Initially the coming for both front and rear seal was nearly the same,

2.54 p-m (100 u-in.) and 3 py=-m (120 u-in.). But after the run at 0 kPA (0
psig), the face of the front seal was damaged by a contact between the rotor
and the stator. The cone height on the 12.7 mm (.5 in.) wide front seal face

-20-



was, therefore, increased to 5.6 H-m (220 u~-in.) to increase the face separa-
tion and no damage or measurable wear was ocbserved on the seal faces there-
after as shown in Figure 22.

Due to the lower initial spring force, the recorded torque at the test
run at 0 kPa (0 psig) of the bellows seal was lower than the both previously
tested flat face and coned face pusher type seals. At 1379 kPa (200 psig),
the bellows type seal produced tcrque on average 43% lower than the flat face
seal; this was atuut the same as with the coned ia~e pusher type seal.

In addition to the torque rzaks produced during each shaft revolution,
there are other maximms and minimums of low frequency and inversely propor-
tional to the shaft speed. For example, in Figure 49 the time interval at
5400 rpm is 1/2 second between the highs with the amplitude of 3.4 N/meter
(2.5 ft. lbs.) which is 31% of the peak torque.

The leakage fram the front and rear seals in this case was not averaged
as in other tests because of the higher cone height on the front seal face.
The rear seal leaked about half of the amount of fluid as the front seal and
this was only slightly more than the leakage from the flat face seal.

The face temperature plotted against the system pressure shown in Figure
60 was measured on the front seal only. n camparison with the other pusher
type coned seal, and depending on the shaft speed, the face temperature of the
bellows seal was up to 6° to 22°c (10° to 40°F) higher at the 1379 kPa (200
psig) pressure. This and also the lower leakage could be attributed to the
profile of the cone on the seal face. The lapping of the bellows primary ring
produced a romnded profile with a variable slope angle across the face width.
The cone angle was smaller at the face iD and larger at the {ace OD. The lap-
ping of the pusher type primary ring resulted in less rounded profile line
with the slope angle nearly constant.

The typical displacement traces for this seal are shown in Figure 63. The
irregular shape of Traces #1 and #5 around the timing spikes was caused by the
distortion of the spiit rotcs +arget, which was replaced in the next testing
again with the solid ring, but of a smaller contact area.

Rotor axial runout (TIR) in this test amounted to .025 mm (.00l in.) at
the probes diameter. The tracking, i.e. phase shift or relative misaligrment
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of the rotor and stator was again vuriable with time and can be presented by

a harmmonic wave form of constant amplitude .nd frequency synchronous with the
shaft revolutions. The phase lac amplitude was lower than in the tests with

oned pusher type seals because of the smaller mass of the bellows type pri-

mary ring. A graph showing the phase shift of this seal is on Figure 66, the
maximum amplitude measured was 37 degrees.

Coned Face, Pusher Type 8B Seal, 51.3% Balance

The purpose of the last test was 0 operate the seal in ti:@ unstable
region of the stability maps as shown in Figure 4. The coned face pusher Type
8B Seal was selected over the Bellows Type 15 Seal because the greater mass
of the primary ring and about seven times smaller spring rate would makco the
seal more susceptible to reaching the unstable region.

The main disadvantage was the necessity of using an O-ring in place cf
the secondary seal and its damping effect on the moverints of the primary ring.
This was hoped to be reduced by replacing the 3.175 :m (1/8") 0ss setion
O-ring by a smaller 2.33 mm (3/32") cross section slightly stretchad over the
sealing diameter of the sleeve. A spacer supported on a disc held the O-ring
tight against a step cn tha ID of the primrary ring. The acsembly of this seal
is shown in Figure 10. Ouher changes in che design of the seal involved:

a. Reducing the balance tc 5).3% by grinding off the seal

face OD to allow the seal to open.

b. Reducing the spring force to 8.9 Newtons (2 lbs.) by
using 6 sprinas in the seal retainer.

Cc. Decreasing the height of the cone on the primary ring
face to .5 U-m (20 micro-inches) per 3.175 mm (1/8")
face width.

d. Drilling of awli-ional iholss in the flange to allow
adjustment of the spring force with the seal installed
in the rigq.

e. Modifying the probe brass target ring in the rotor to
eliminate its thermal distortion. Several targets were
tried, but none of them was campletely free of distor-
tion. Preferred solution would be sensing the rotor
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displacement directly on its front side, but this would
require same time consuming changes on the test rig and
was not attempted.

The test seal was again on the front side, on the rear side wae install-
ed a contacting flat fane carbon primary ring balanced to 56.5% to reduce the
friction and to limit the leakage. But the carbon primary ring was later
replaced with the cone faced ring identical to the ring on the front side in
crder to balance *he axial forcves on the rotor and to reduce the tamperature
of the rotor.

Static test at pressures ap to 2758 kPa (400 psig) was run at the begin-
ning and the face separation was directly measured by camwparing the change in
the displacement of Probes #2 and #4 (primary ring, stator) with that of
Probes #1 and #5 (rotor). At the same time, the leakage was also measured.

For the dynamic run, several test points were selected fram the stability
map (Figure 4), in the stable and one in the unstable region to determine if
the seal follows the theory described in the chapter "Analytical Background".

The displacement traces of this seal are shown in Figures 63 and 64,
where the traces N-. 2, 3, ana 4 represent the axial movement of the flexibly
mouwntad stationary primary ring as it tracks the anqular misali nment of the
rotor. The axial runout of the rotor was .009 mm (.00035 in.) at the probes
diameter. The phase shift between the theoretical location of the stator and
its actual position as detected by the probas is shown in a time graph in
Fiqure 67. The distortion of the harmonic waveform is obvious indicating a
beginning of the transition operation, which would eventually result in a con-
tact betwseen the stator and rotor if the shaft speed would increase further or
1L it would not be for a restriction in the axial movement of the stator. It
is possible to say that the primary ring of this seal was not campletely free
to move and that it was limited in movement by the friction and flexing of the
O-ring stretched over the sleeve and by the friction resulting from the oontact
betwes:: the primary ring and the - _.eeve. The sticking of the primary ring was
ohserved several times during the static and dynamic tests and although the
surface of the sleeve was hand lapped and burnished with PTFE the sticking
could not be canpletely eliminated.



The timing spikes are not shown on Traces #1 and #*5 because of solid tar-
get ring without the groove was used in the rotor. The leakage of this seal
was heavy, but in contrast to seals tested previously, the leakage was indir-
ectly proportional to the shaft speed, i.e. was highest at the speed of 1800
ram and lowest at the maximum speed of 8000 rpm. When compared with the coned
face pusher type seal balanced to 76.3%, the leakage was higher in order of
103 at 1800 rpm, 1034 kPa (150 psig) pressure, in order of lO2 at 3600 rpm,

54 times higher at 5400 rpm and only 13.5 times at 8000 rpm and 2068 kPa
(300 psig).

Cbviously, the face temperature measured on this seal and plotted on Fig-
ure 58 was the lowest of all the tested seals because of the highest flow of
cooling liquid through the seal interface. The face temperature at 5400 rpm
was affected by a higher temperature of the surrounding test rig parts. After
the test, conditions of the seal mating parts in Figure 23 showed the wear
tracks of the contacting rear seal and not even a trace of wear on the faces
of the non-contacting seal.

Analysis of Performance

The experimental test resulcs indicate that the performance of the coned
face seals was in agreement with the operation predicted by the calculation.
Stable operation was attained under all tested conditions. The test run at
8000 rrm and 2068 kPa (300 psig) pressure with a pusher type seal balanced to
51.3% was expected to be unstable as per Figure 4, with the contact between
the rotor and stator, but due to the restriction in motion of the primary
ring no contact was detected. The primary ring synchronously tracked the
rotor angular misaligmment and a time dependent phase shift existed between
the flexibly mounted stationary primary ring and the rotating mating ring.

The narrow face design of the primary ring made this seal sensitive to a
change in balance diameter. For example, a reduction of the balance diameter
by only .025 mm (.00l in.) would bring the 8000 rpm, 2068 kPa (300 psig) test
point way into the stable region of ‘he stability map on Figure 4.

The seal leakage for parallel faces calculated fram the equation (6)
with the effect of convergent coning included was in order of 102 smaller than
the measured dynamic leakage. But, the amount of leakage under the dynamic
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conditions is governed besides other factors also by the instantaneous mutual
position of the stator and the rotor. If the phase shift between them is
small, as in the test with the bellows type sezl, then the difference in the
fluid film thickness around the seal face circumference is also small and the
leakage is close to the calculated value for parallel faces (eq. 6). When
the phase shift and its amplitude are large as it was documented in the tests
with the coned pusher type seal, the difference in the film circumferential
thickness is greater and the leakage increases.

The static measurements of the face separation of the pusher type seal
showed that as the pressure gradually increased, the primary ring moved away
fran the rotor in irreqular jumps rather thai in smooth continuous increases,
which would be more desirable. When, still under the static conditions, the
pressure became constant, the primary ring moved back and the face clearance
and the leakage decreased. Depending on the pressure and, therefore, an the
thickness of the film, this could be observed for a period of more than 30
minutes. The axial movement of the primary ring was not uniform over the
circumference of the ring. Same sections had moved more than the others re-
sulting in the tilting of the primary ring face in relation to the mating
surface. Leakage through such non-parallel gap is icore than the calculated
leakage through the parallel gap with the effect of coning taken into consid-
eration. This points out the need for solving and predicting damping effects
of elastameric secondary seal on primary ring, to assure a free movement of
the primary ring and to provide a circumferentially uniform support {or the
primary ring. In this testing, softer springs with lower spring constant
would be required. To reduce the high leakage of the coned face pusher type
seal, the tracking of the rotor by the stator would have to be improved, i.e.
phase shift held to a minimm by reducing the mass inertia of the primary
ring.

Fram the stability maps, it is apparer.: that for all the tested seals,

the speed within its practical limits has much less effect on inducing unstable

operation than the pressure. Non-contacting seals are, therefore, capable of
operating at speeds higher than camparable contacting seals as was shown in
this report. Because of its design characteristics, Crane Packing's cammer-
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cial flat face Type 8B Seal would operate in the stable manner, i.e. synchron-
ously tracked the rotor, if it was forced for same reason to run as a non-
ocontacting seal.

CONCLUDING REMARKS

The conventional flat face seal commercially available, with 88.90 mm
(3.5") mean face diameter was compared with three coned face seals of the same
size to determine energy savings by providing positive interface lubrication
by a means of convex type cone on the face of the stationary primary ring.
The seal torque, leakage, face temperature, and the axial movement of the
seal mating parts were measured and campared. The results of this testing
could be sumarized as follows:

1. Torque produced at the seal interface was reduced by

42% when the primary ring profile was changed from
flat to a convergent cone.

2. The leakage increased with the cone height at a given
face width. When the seal balance ard the spring force
were reduced, the leakage rates became excessive for
practical purposes.

3. Face temperatures were 33°C (60°F) to 56°C (140°F)
lower for the cone face seals due to face separation
and better cooling resulting from the increased flow
between the seal mating parts.

4, Wear on the tungsten carbide face of the coned seals
during short duration (15 to 20 hours) test runs was
greatly reduced. No wear tracks could be observed
an the coned seal balanced to 51.3% and only several
microscopic wear tracks were visible on the face of
the other two coned seals. The Standard Type 8B Seal
experienced wear amounting to 2.5 y-m (100 y—in.) on
the ID of the flat face carbon irimary ring.

5. In all tested sealc, the flexibly mounted stationary
primary ring synchronously tracked the angular mis-
alignment (axial runout) of the rotor indicating a

=26~



stable operation. A time dependent phase shift was
detected in motion of the coned face seals while the
flat face contacting seal experienced a pure axial
translation motion without any lag between the stator
and the rotor. During the tests with the pusher
type seal balanced to 51.3%, the maximum amplitude
of the phase shift amounted to 290°. Because of
lower inertia of the primary ring, the maximum
amplitude in tracking motion of the bellows type
seal was only 37°. The damping effect of the second-
ary seal and the possible contact between the
primary ring and the sleeve prevented the cone seal
balanced to 51.3% fram reaching the unstable region.
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APPENDIX 1

The equations introduced in the "Analytical Background" were incorpor-
ated into a computer program written in BASIC programming language for use
on a Hewlett-Packard desktop camputer HP-85. To use the program (as listed)
an other camputers, may require same modifications. Program flowchart is
shown an the following page; camplete listing of program and sample calcul-
ations appear in this Appendix. Comment statements indicated by (!) in the
program list, give detailed description of the program. Seal input data
should be entered in S.I units, i.e. seal dimensions in meters, pressure in
kPa, force in Newtons, etc- It should be noted that if the seal clearance
Co is negative, then the seal is of a contacting type and the equations de-
rived here do not apply.
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ay

START

CALCULATE
MEAN DIA
RAD. RATIO
BALANCE

i CALCULATE
FACE
CLEARANCE

Co

CALC:
LINEARITY
CONSTANT

—

CALC. SPEED Yw
PRESSURE Xp &
CONING Bl
PARAMETERS

| CALC. Y9

' CRITICAL
SPEED
PARAMETER

!

PRINT

* TRANSI-
TION
OPERATION

( STOP )

PRINT

OPERATINN

'YES

*STABLE / YES

CALCULATE
LEAKAGE

—

'PRINT
- RESULTS
{

PROGRAM FLOWCHART
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29
30
40

5@

6@

7’0

88

96

12e

11e
128

130

140
156

1608
179

130
190
200

21@
229
230
240
250
268

27e

COMPUTER PROGRAM:

ORIGINAL PAGE 13

CPTARM

XEXKXX

CAPLANRTION:

FOR R GIVEN CONED FRACE SEA
FROGRAM CRLCULRTESZ:1)SPEED
PARAMETER Yw 2)PRESSURE PAR
AMETER ¥e"

' 33CONING PRARAMETER beta 4
CRITICAL SPEED PRPRAMETER Ycr
it AT THE PRESSURE PARARMETER
XCrit=Xg

P SXLINERRITY CONSTANT a &)L
ERKAGE FOR PARALLEL FRCE:S 7
SERL BRLANCE S>RADIUS RATIO
Ri-/Ro

! 2)FRACE CLEARRANCE C@ IN mic
rometersi(m-m} RND microinche
s(m—-in) BY COMPARING Yw AND
Ycrit

! SERL OPEPATION CAN BE DETE
RMINED IF Yw<iYcrit OPERATIOD
N IS STABLE., IF Yw>Ycrit OPE
RATION

! IS UNSTARLE. AT Yw=Ycrit T
HE OPERRTINN IS IN TRANSITIOD
N MODE

e = =

DISP “"ENTER SEAL DRTHA IN S.1
LUNITS: 1-SPRING FORCE Fs¢
N> 2-SPRING CONSTANT K1 (Nm
/Sﬁe ) "

DISP "2-FACE OUTSIDE RADIUS

Ro{m> *

DISP ®"4-FACE INSIDE FRRDIUS R
i(m) S-CONE HEIGHT H(m>
6-BALANCE"™

DISP “RADIUS Rb{(m> ?7-RADIUS

OF SPRING LOCATION ERsepi(m) 8-
RRDIUS OF*"

DISP "GYRATION Ra‘m) 9-RING
MASS m"

DISP "18-PRESSURE dP<kPR)Y 11}
-SPEED N(RPM) 12-VISCOSIT
Yy m1*

DISP “ENTER Fs,K!1,Ro0.Ri,H.Rb
sRep, R, m,dP. H. M1 "

INPUT FB.K1.RO,R1,H,RS.R2,R3
SM,P1,N. M1

|

! CALCULATION
P=P1-18~-2 | kPA INTO Pascal

s
R4=(RO+R1:-C ! MEAM RADIUS
R4=R1-/R@ ! RADIUS RARTID
B=(RB~2~-R5~2)>/7(RBAZ-R14~2) !
SERL BRLAWCE
W-2XPIXN-68 | ANGULAR SPEED
Aa=2%K1 ! PARTIAL RESULT
A1=2XPIXR4%X(RO-R1XXP ! PARTI
AL RESULT
AZ2=2%XFA+K1%XH+2XA1Xx{B- .5 | P
ARTIAL RESULT

28e

. 299

3en
21e
320
330
349
35¢@
360
3780
380
39a
490
410
420
430
440

450

468
470
480
49@
se8

Sie

520
530
549
5508
568
576

OF POOR QUALITY

A3=FOXH-A1X(1-B>XH ! FARTIAL
RESULT

IF R2~2-4XAPXA3<B THEN PRINT
“NEGATIVE SQUARE.CHECK THE

ENTRY DATR" @ GOTO 688
Co=(-AZ+SQAR(R2~2-4%XABXA3) ) 2
/A8 ! FACE CLEARANCE

IF Ce<=8 THEN GOTO €56 ! CON

TRCTING SEAL
AS=H-/CO

S=~(8XPIXR4~2%X(1-A4)~2%X(1-A4
7(1-AR4>XA5)7(2+A5>~2)> ¢ LINE
ARITY CONSTRANT

Y=(RI/R2>+~2X(MXU~27K1) | SPE

ED PARAMETER
X=P3R8~2/K1/COX(R4/R5>~2 | P
RESSURPE PARAMETER
B1=H/(RB-R1)>XRO/C6 ! CONING
PARAMETER
S9=-(8XPIXR4~2X(1-A4)>~2%( (1~
B1XR4)>/(2+B1%X(1-R4)>)>~2))

Y9=59%xX+4 ! CRITICAL SPEED P
RRAMETER
Q=PIXP%XCO~3-/(6XM1>XR4/(RB-R1

d¥(1+1 SxH/CB8> ! LERKAGE

! END OF CALCULATION

!

' ENTERED DATA ARE PRINTED O
uT

PRINT ENTERED DRTA

PRINT "Fs=";F@;*K1=";K1;"Ro=
®"iRO;"Ri=";R1,;"H=";H;"Rb=";FR
9:"Rsp=";R2:"Rae=";:R3;"m=";M

PRINT "PRESSURE=";P1;"kPA ="
; IPCP1X1 .45837%10~-1+ .5); *PS
I1G*

PRINT "SPEED=";:N; "RPM visc="
Ml

PRINT

I RESULTS ARE PRINTED OUT:
PRINT * RESULTS: "
PRINT "Balanc=";FNR2(B%x108);

"%";" RisPo=";FNR2(R4)

PRINT "CO=";FNR2(CBX18~6);"m
-m = “;FNR2(COX168~€6€%X39 27);"
a-in"

PRINT "Xep=";IP(X)>;* Yu=
";FNR31Y)

PRINT "a =";FNRE6(S)>;" bet
a=";FNR3<E1)»

PRINT "Xcrit=";1IP(X>;" Ycr

it=4:FNR2(YS

PRINT “LEAKAGE=";FNR6(QX18~6
X60),; “ml /HOUR"

IF Y=Y9 THEN PRINT "TRANSIT
OPERATION"

IF ¥<Y9 THEN PRINT “STRBLE 0
PRATION" ELSE PRINT “UNSTABL
E OPRATION"

CONTINUED. ..



ORIG!NAL PAGE 1S

s8@ PRINT USING “,,s-»  OF POOR QUALITY
]

£0@ ! ROUNDING FUNCTIONS LISTED:

1@ nsz FNRICN) = INT(NX18+1+.5)
/718~1

6520 DEF FNR2C(N) = INT(NX1@~2+.5)
/102

530 DEF FNR3CN) = INT(NX18~3+.%)
/1043

640 DEF FNRECN) = INTC(NX18~6+.5)
/10-6

650 IF CO>® THEN GOTO 68@

660 BEEP 114,11.4 © DISP “CONTAC
TING SEAL - REDUCE FACE LORD

578 ' J.Sehnal,DEC-28-1981
680 END

END OF PROGRAM.

SAMPLE OUTPUT #1

EHTERED DARTAH
Fs= 8.3 Ki1= 15967 Ro= .844475 Ri=
.041275 H= .86000041 Rb=
04285 Rsp= .A48 Ra= 8474 m=
1147
PRESSURE= 2868 kPA = 388 P3IG
SPEED= goGR PPM visc= .88E184

RESULTS -
Ralanc= S1 .32 % Ri-“Ro= .S3
= 5.4 m-m = 212.71 wm-in
xe= 47390 Yu= 4 216
a =-_ 00034¢ beta= 1 .86Z
Ncrit= 473909 Yecrit=—-12.42

LEAKRGE= 182 82844 ml /HQULF
UNSTABLE OPRATION

SAMPLE OUTPUT #2

ENTERED DRTH:
Fs= £§.3 Ki= 135367 Ro= 84445 Riji=
.R41275 H= 00200046 Rb=
.84285 Rsp= .P48 Pg9= .0847% n=
1147
PRESSURE= 1834 kPR = 156 PSIG
SPEED= 8060 RPFM visc=  Bot1l24

<ESULTS:
Ralanc= 51 .32 % Ri-“Ro= .93
CA= 4 7 m-m = 1854 87 m-in
X¥e= 27264 Yw= 4 916
a = .@8096&7 beta= 1 371
¥erit= 27264 Ycrit= 191 31

LERKAGE= 6.36242% ml/7HOUR
STABLE OPRATION
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APPENDIX 2

Units of measure used in the report.

ORIGINAL PAGE IS
OF POOR QUALITY

Variable SI Unit U.S. Custamary Unit
(Metric System) (English System)
Pressure Kilopascale (kPa) = . 1449 Pounds per
Square Inch (psi)
Length Micrameter (M -m) = 39.37 Microinch ( -in)
Force Newton (N) = .22481 Pound-Force (lbs)
Torque Newton-Meter (Nm) = 1.355818 Pound-Force-Foot
(ft-1bs)
Temperature “%kelvin (%K) OFahr it = 1.8 x K-
- 459.7 (°F)
Volume Liters (1) = .26417 gallons (Gal)
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REAR SEAL

25. 4
11

~ FRONT SEAL
MATING FACE

MATING FACE

N

-
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114.3 DIA

48.2
(1,837
DIA

15. 7
(. 82

(4. 58

—T

e

686.5S DIA
(2. 62

12. 7
()
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——

TARGET
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7

Dimeneione
in mm (inc' ae)

7

FIGURE § - ROTOR AND TARGET DIMENSIONS
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> 11.5
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¢. 125)
A e—"""1
T I S l\
. 4 8 SEAL
o ¢. 312 FACE
(14§ga) "
, 4.
R R - T (DID:S)
g - 8 |=
47. 4 86.2 [(¢. 312 - 8 |l
(1. 865)| (3. 365> ¢. 312
105 g2 DA = 2l -
(4. 134) (3. 621) (. 828
DIA DIA e S

(1.283)

Dimensione in mm (inchee)

RS- Radiue of gyration

R.- Radius of eprings location

FIGURE 6 - FRIMARY RING USED ON TESTS
WITH THE PUSHER TYPE SEAL.
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PRIMARY RING -
TARGET
O-RING
SPRING

RETAINER
LINKAGE TYyPE LOCK

SET SCREW

R T
= _1

Face 0.D.
85. 25 (3. 75

Fa-cc ' o
82. 55 (3.25

Dimernsiorne imn mm (irnches)

Balance diameter = B85.72 (3.375)

FIGURE 7 - CONED FACE PUSHER TYPE SEAL BALANCED TO
76.3%.
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PRIMARY RING C(INSERT)

ADAPTOR \

0-RING \

DRIVE PIN |

asu_owr~ |

0-RING I

SET SCREW \\ - CONE HEIGHT
Fai.e On D-
85.25 (3.7

Face I.D.

82.55 (3.2%

Dimansiorne in mm {(inhcaese)

FIGURE 8 - REAR BELI{WS TYPE SEAL.

Fa PRIMARY RING C(INSERT)

//fADAPTOR

/ O0-RING
/ /PIN

/TARGI:T

/ BELLOWS
| / ZS‘ZER;\\

CONE HEIGhT ..

Fao-?D.D. ‘?___

805.235 3.7

Faca I.D. |
B2. 89 (3,9

Wy

|!“"I
('
'

Dimerneiocorne in mm (inchas)

FIGURE 9 - FRONT BELLOWS TYPE SEAL.
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PRIMARY RING
TARGET ‘\\\\\\\\\
SECONDARY SEAL O-RING \

SPACER —__ ™
SPRING —- - |
RETAINER—;:::f\\\\\ \\ \
LINKAGE TYPE LOCK \ CONE HEIGHT
SET SCREW . \\ A\

Face 0. D.
88.8 (3.5

Face I.D.
82. 55 (3. 25)

Dinsreione in mm (irmchee)

Balarnce diameter = 8B5.7 (3.374)

FIGURE 10 - CONED FACE PUSHER TYPE SEAL BALANCED
Y 51.3%,
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305 <12"> 0.D. LAPPING PLATE
ROLLERS FOR HOLDING THE RING

178 X 148 <7"X S.S5")
0.D.X I.D0. LAPPING RING

SEAL PRIMARY RING
LAPPED WITH 2.1 kg
(4. 65 lbed WEIGHT

PLATE
ROVATICON

Dimerneiornes

imn mm C(inchee?

FIGURE 1] - OCONE UAFPING SET-UP.
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FIGURE '12 - PHOTOGRAPH OF THE TEST RIG W'TH THE
MAIN COMPONENTS. FROM THE LEFT: 15 HP MOTOR,

BELT DRIVE HIDDEN BEHIND THE PANEL, TEST HEAD IN
THE MIDDLE WITH LEAKAG? COLLECTING CYLINDERS BELOW
AND OIL CIRCULATING SUI’PORTING EQUIPMENT IN BACK-
GROUND. RECORDERS ARE JN LOWER RIGHT CORNER.
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BEARING

o //, INNER HOUSING

| ,REAR SEAL (STATIONARY)
SEEPESE // / FRONT SEAL (STATIONARY)

TO PRESSURE

g [ GAUGE
4>[ :f\ NN |

N DISPLACEMENT PROBE
\‘\-ﬂ
THERMOCOUPLE

=

/////fROTDR TARGET

i}’//»-STATOR TARGET
il

\\
N\
N\

\\\ =
\ i N . N
N

d\ )
;
N\

T
)

2 ~— |
IS RN i

1 OIL INLET

=

/7

ROTOR (MATING RING>

~—— QUTER HOUSING
——  BASE PLATE

¥
| + | LEAKAGE

>

LEAKAGE

[I't«tmh}

FIGURE 13 - CROSS SECTIONAL VIEW OF THE TEST HEAD
ASSEMBLY.

I | -



ORIGINAL FACE IS
OF POOR QUALITY

TEST HEAD THERMOCOUPLE
AIR
PRESSURE
ACCUMULATOR ! GAUGE

r“*VENT
I —LEAKAGE
| CONTAINER
= | | HEAT
COOLANT L’T’/’EXCHANGER
N
g l ,
| FLOWMETER
PISTON l
PUMP ’
__MAIN PUMP
—1
— | oIL
| /" RESERVOIR

|
{
|
|
o= Jr- ___“_TJ

FIGURE 14 ~ SCHEMATIC OF SEAL TEST
OIL CIRCULATING SYSTEM.
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FIGURE 15 - PHOTOGRAPH OF INSTRUMENTATICN AND DATA
ACQUISITION SYSTEM USED IN THE TESTING. FROM THE
LEFT: TEMPERATURE RECORDER, BELOW IS THE TORQUE
RECORDER, IN THE MIDDLE ARE DEMODULATORS-OSCILLATORS
FOR THE DISPLACEMENT PROBES AND POWER SUPPLIES,
ABOVE THEM IS A MICROPROCESSOR AND HP-85 DESK TOP
COMPUTER. OSCILLOSCOPE IS ON THFE RIGHT STDE.
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OUTER HOUSING
INNER HOUSING

‘\\\¢\< BRATKET ATTACHED
N\ TO THE OUTER
\\;\ HOUSING (STATIONARY)
Y LOAD CELL
T TEL
\*/‘ -
/ -BRACKET ATTADCHEL
. TO THE INNER
e HOUSING
N CROTATING)
152. 4 mm-a
B 1m

FRONT VIEW

FIGURE 17- DETAIL OF THE TORQUE
SENSING ARRANGEMENT.
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~

PROBE #2

B81.9 mm (2.4371irn) DIA
STATOR
AXIAL

DISPLACEMENT

PROBE w1 e
ROTOR /
AXIAL Ve
DISPLACEMENT / N
|‘ { 459
150\:/”
ggo
PROBE #4 \\\\\
STATOR a
AXIAL
DISPLACEMENT

p-—

/ __—PROBE #5
'XEf(/ﬂRoToR
AXIAL
DISPLACEMENT

PROBE #3
STATOR

AXIAL
DISPLACEMENT

FIGURE 18 - POSITIONING OF THE
DISPLACEMENT PROBES.



PROBE DISTANCE FROM
THE TARGET [irnochesl]

PROBE DISTANCE FROM
THE TARGET [imnches]

. 26

. 224

. 2@z

. 2@8

. B@6

. 824

. g@a2

345 kPa (58 PSIG

1 SHAFT REVOLUTIDN ——! L-—

ORIGINAL PARCL

OF POOR QUALIYY

¥
| )

+
. 28 " | -
TIME [eecocndsl
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l 1
1 T

2758 kPa (488 PSIGY

1 SHAFT REVOLUTION =

L=
l’r'
Iy
J1
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FIGURE 19 - TYPICAL DISPLACEMENT TRACES ON THE PRINTOUT FROM THE DESKTOP

COMPUTER HP-85.

THE TRACES REPRESENT INSTANTANEOUS DISTANCES BETWEEN THE

PROBES AND THEIR TARGETS MOUNTED ON THE STATIONARY PRIMARY RING (#2, 3, 4)
SPIKES ON TRACES # and #5 WERE
CAUSED BY A PURPOSELY MACHINED NOTCH IN THE ROTOR TARGET TO DETERMINE THE
REVOLUTIONS OF THE SEAL SHAFT, ONE PEAK TO PEAK PULSE CORRESPONDS TO ONE
REVOLUTION. SHOWN IS THE DYNAMIC AXIAL MOVEMENT OF THE FLAT FACE PUSHER

AND ON THE ROTATING MATING RING (#1, 5).

TYPE SEAL BALANCED TO 76.3% at 5400 rpm.
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ROTOR (MATING RING), AXIAL
DISPLACEMENT SgNSO% #1
AND #5 ARE 180 APART

STATIONARY PRIMARY RING,
DISPLACEMENT 8ENSORS #2
AND #3 ARE 90  APART

ROTOR, AXTAL DISPLACEMENT
(#5 SENSOR) AND ROTOR
RADIAL RUNOUT WITH THE
TIMING SPIKES INDICATING
1 REVOLUTION OF THE SHAFT

FIGURE 20 - OSCILLOSCOPE TRACES SHOWING THE DYNAMIC
AXTAIL, MOVEMENT OF THE FLAT FACE PUSHER TYPE SEAL
AT 3600 RPM AND 1034 kPa (150 PSIG).



GE 1S
ALITY

ORIGINAL PA
OF POOR QU

PRIMARY RING (STATOR)

PRIMARY RING SCALE:
10 20 [mm]
| 1 Jl

T T
10in]
1

L
-+

s ol

—“-UI

—

FRONT SEAL

PRIMARY RING (STATOR)

MATING RING (ROTOR) FACE SHOWING
CRACK AND GALLING =——>

EDGE OF ROTOR SHOWING CRACK
COMPLETELY THROUGH
ROTOR_SCALE:

2 10 2@ [mml

I f 1

r : = 1

2 .- 10in]
L 1 1

r T 1

FIGURE 21 - PHOTOGRAPHS OF POST TEST FACE SURFACES
OF THE CONED FACE PUSHER TYPE SEAL BALANCED TO 76.3%.
ROTOR CRACKED AT THE END OF THE TEST AT 5400 RPM

AND 0 kPa SYSTEM PRESSURE.
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REAR SEAL

MATING RING (ROTOR)
ROTOR SCALE:s

PRIMARY RING SCALE:

uL -'é llﬂ Cmml
I [} 1
a g « S 0inl ? ' IP P ZJG Cmml
F } — FRONT SEAL S N A 4
a2 . 10in]
L 1 L 1 1
FACE 0.D.— FACE I.D. - t t S
v/
N \
{
R - ~- N
H - o ‘ \-‘_'~ S
~ ‘\\‘,\ 3 \~\‘ S CN T
N RS
P> DR S
| T } iTmaitey
B 3 R
[ € = > 3 >
e i e
PE=Salontly SRR
MATING RING (ROTOR)

PRIMARY RING (INSERT

FIGURE 22 - PHOTOGRAPHS OF POST
OF THE BELLOWS TYPE CONED FACE SEAL.



ORIGINAL PAGE 13 PRIMARY RINGS MATING RINGS

(STATOR) (ROTOR)
OF POOR QUALITY b P

FRONT SEAL WITH
NON-CONTACTING
TUNGSTEN CARBIDE
FACES.

PRIMARY RING SCALE:s
a S [mml
]

a 25 [in]
b d
r 1

1 1
| N B B

REAR SEAL WITH
CONTACTING CARB(N
PRIMARY RING
(56.5% BALANCE)

ROTOR_SCALE:s
2 i0 20 [mm]
L L J
I T 1
@2 - 1C4mn]
— :

REAR SEAL WITH
NON-CONTACT ING
TUNGSTEN CARBIDE
PRIMARY RING

FIGURE 23 - PHOTOGRAPHS OF POST
TEST FACE SURFACES OF THE CONED
FACE PUSHER TYPE  SEAL BAL-
ANCED TO 51.3%. NO WEAR MARKS
CAN RE OBSERVED ON THE NON-
OONTACTING TUNGSTEN CARBIDE
FACES.
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ORIGINAL PACE 15
OF POOR QUALITY

. 228 | >
' 345 kPa (58 PSIG) ! .

= m }
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s M 2758 kPa (4808 PSIG)
oe
x e
&2 oos = 1 SHAFT
e REVOLUTION
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FIGURE 62 - RBEOORDING OF THE TYPICAL AXIAL MOVENENT OF THE CONED FACE PUSHER
TYPE SEAL (76.3% BALANCE) AT 5400 R°M ON THE PRINTOUT FROM THE
DESKTOP COMPUTTR HP-85. TRACES #2, 3, AND 4 ARE INSTANTANEOUS
AXTAL DISTANCES BETWEEN THE PROBE TIPS AND THE TARGET ATTACHED
TO A STATIONARY PRIMARY RING. TRACES w1 AND #5 ARE AXIAL DIS-
TANCES BETWEEN THE PROBES AND THE ROTOR TARGET RING. ONE PEAK TO PEAK
PULSE CORRESPONDS TO ONE REVOLUTION OF THE SEAL SHAFT.
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FIGURE 63 - RECORDING OF THE TYPICAL AXIAL MOVEMENT OF THE CONED FACE BELILLWS
TYPE SEAL AT 1800 RPM. TRACES #2, 3, AND 4 REPRESENT INSTANTANBOUS
AXIAL DISTANCES BETWEEN THE PROBE TIPS AND THE TARGET ATTACHED TO
A STATIONARY PRIMARY RING. THE TRACES #1 AND #5 ARE AXIAL DIS-
TANCES BETWEEN THE PROBES AND THE ROTOR TARGET RING. LOCATION OF
EACH PROBE IS SHOWN IN FIGURE 18. ONE PEAK TO FEAK TO PEAK PULSE
QORRESPONDS TO ONE REVOLUTION OF THE SEAL SHAFT.
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EI_C{_IPE_6_4- RECORDING OF THE TYPICAL AXIAL MOVEMENT OF THE CONED FACE PUSHER
TYPE SEAL (51.3% BALANCE) AT 5400 RPM. TRACES ARE INSTANTANBOUS

DISTANCES BETWEEN THE PRCBES AND THEIR TARGETS MOUNTED (N THE

STATIONARY PRIMARY RING (#2, 3, 4) AND ON THE ROTATING MATING

RING (#1, 5). RADIAL LOCATION OF THE PROBES IS SHOWN IN FIGURE

18. QNE PEAK TO PEAK PULSE CORRESPONLS TO ONE REVOLUTION OF THE
SEAL SHAFT.
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FIGURE 65 - RECORDING OF THE TYPICAL AXIAL MOVEMENT OF THE CONED FACE PUSHER
TYPE SEAL (57.3% BALANCE) AT 1800 RPM. TRACES REPRESENT AXJAL
DISTANCES BETWEEN THE PROBES AND THEIR RESPECTIVE TARGETS
MOUNTED ON THE STATIONARY (#2, 3, 4) AND ROTATING (#1 and #5)

SEAL PARTS. ONE PEAK TO PEAK PULSE CORRESPONDS TO ONE REVOLUTION
OF THE SEAL SHAFT.
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FIGURE 66 - ARIATION OF THE PHASE SHIfT BETWEEN THE ROTOR AND TEE STATOR
WITH TIME FOR THE CONEL FACE BELLOWS TYPE SEAL.
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FIGURE 67 - VARIATION OF THE PHASE SHIFT BETWEEN THE ROTOR AND THFE
- STATOR WITH TIME FOR THE CONED I'ACE PUSHER TYPE SEAL
BALANCED TO 51.3%.
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