NASA CR-174866
MTI 85TR20

i
A
il
4
i
|
|

NNASA

SEAL TECKNOLOGY FOR |
LIQUID OXYGEN (LOX) TURBOPUMPS |

Shapiro and Robert Hamm

TR ..

MECHANICAL TECHNOLOGY !INCORPORATED

1
|
t
Prepared for '
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION '
NASA Lewis Research Center :

Contract NAS3-23260

0 - 3
(NASA—CR~17“866) SEAL TECHNOLOGY FUk LIQUID N88~-1360

5 Fi Report, Feb.
YGEN (LOX) TURBOPUMPS b;}nal
?);82 - r;ov. 1985 {Mechanical Tig%noégq{)na Unclas
. o N -
388 p Avail: NTIS HC  A17/MF G3/37 0114097




- s

1. Report No. 2. Government Accession No. 3. Recipient’s Catalog No.
NASA CR-174866
4. Title and Subtitle 5. Report Date
November 1985
Seal Technology for Liquid Oxygen (LOX) Turbopumps 8. Performing Orgenization Code
7. Awuthor(s) 8. Performing Orgenization Report No.
Wilbur Shapiro 85TR20

Robert Hamm 10. Work Unit No.

9. Performing Organization Name snd Address

Mechanical Technology Incorporated

Research and Development Division 11. Contract or Grant No.

968 Albany-Shaker Road NAS3-23260

Latham, New York 12110 13. Type of Report and Period Covered

12. Sporworing Agency Name and Address FINAL

National Aeronautics and Space Administration 2/82 - 11/85

Lewis Research Center 14. Sponsoring Agency Code

Cleveland, OH 44135

15. Supplementary Notes
Project Manager: J. A. Hemming:r, NASA-Lewls Research Center, Cleveland, OH 44135
16. Abstract

Two types of advanced seals for liquid oxygen (LOX) turbopumps were investigated. One
was a spiral-groove face seal whose function is to seal high-pressure LOX at the
impeller end of the turbopump. The other was a floating-ring, Rayleigh~step, helium
buffered seal used to prevent LOX ingress to the turbine side of the unit. For each
seal type, two sizes were investigated - 50 and 20 mm. A turbine-driven test rig was
designed and manufactured, and a test program was completed on the 50-mm floating-
ring, Rayleigh-step, helium buffered seal. Significant results of the program were:

Spiral-Groove LOX Seal

* Vaporization in the flow path could cause seal failure by overheating; therefore,
the spiral-groove pumping portion of the seal that provides the fluid film must
circulate fliud without disruption if vaporization occurs in the sealing dam. This
is successfully accomplished by a pressure-balanced spiral-groove concept that is
described in the text,

* The spiral-groove configuration is affected by turbulence in the tluid film and
pregsure drops due to fluid inertia at sudden contractions. The net result of these
effects are deep grooves, large cperating films, and high power loss when compared
against seals operating with laminar films. Turbulence and inertia are induced by
the high~density and low-viscosity characteristics of LOX.
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* Computed flow levels for the 50-mm seal are approximately 30 mm3/s (4.7 gpm) at
pressure levels of 5.17 MPa (750 psi). Film thickness is 0.0236 mm (0.93 mils) and
the interface speed is 133 m/s (600 ft/s).

The floating-ring, Rayleigh-step seals were exposed tn an extensive testing program.
Successful operation was demonstrated at speeds up to 5760 m/s (55,000 r/min), and
buffer fluid pressure levels of 1379 kPa (200 psia). Average leakage rates per ring
were_0.0016 kg/s (20.2 scfm). Multiple high acceleration starts at 152 m/s (500
ft/s“) were accomplished without incident. Several seal failures did occur, but were
attributed to external influences such as excessive rig vibration and contamination of
the helium supply system.

The program clearly pointed out the weed to consider system environmental factors such
as thermal and centrifugal distortious and rotor vibrations in the seal design. More
liberal seal clearances would probably have permitted operation to 7330 rad/s (70,000
r/min), but rig changes made to improve dynamic response altered the seal environment
and caused greater than anticipated clearance closure due to thermal growth.
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1.0 .wTRODUCTION

Liquid oxygen (LOX) turbopumps are high-speed, high-pressure, and high-power
density machines that require effective sealing between the high-pressure LOX
being pumped at the impeller end of the machine and the gaseous steam at the

turbine end of the unit.

Under NASA Contract NAS3-23260, Mechanical Technology lncorporated (MTI)
conducted a technology program for <eals to be used in advanced LOX turbo-
pumps. Two types of seals were examined; a primary spiral-groove LOX seal and
a floating-ring helium buffer seal with Rayleigh step, hydrodynamic lift pads.
Two shaft sizes of 20 mm and 50 mm were conside . for each seal type. The
function of the spiral-groove LOX seal is to limit leakage of high-pressure
LOX generated by the pump impeller. It seals LOX fluid in a seal chamber in
which the pressure is typically maintained at 3 to 5 MPa (435 to 725 psig).
The functicn of the floating-ring helium buffer seal is to separate the gase-
ous steam that drives the turbine from the LOX end of the machine. Helium is
used as a buffer fluid at a maximum pressure of 1.38 MPa (200 psia).

Figure 1-1%* is a cross section of a LOX turbopump that incorporates both types
of seals. Other configurations that utilize a double suction impeller obviate

the need for the LOX end seal, but still require the helium buffer seal.

In Figure 1-1, the flow path through the spiral-groove face seal is as
follows. From the discharge of the impeller, the flow that does not enter the
volute leaks to the backside of the impeller and into the bearing compartment
through two orifices formed by the clearance space between the impeller and
the housing. These orifice openings adjust as a function of the thrust load-
ing and direction and form an integral component of the thrust balancing
system. After flowing through the bearings (for cooling purposes), the flow
passes through a labyrinth seal to break down the pressure from approximately

29.6 MPa to 3.45 MPa maintained in the seal chamber. Upon entering the seal

*For ease of readership, illustrations throughout this report are included at

the end of each section. In this section, they begin on page 1-5.
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chamber, the flow takes two paths. One path i; the leakage through the face
type seal; the other is a recirculation line to the pump inlet. These sepa-
rate flow paths are indicated on Figure l-1. It is important that there is a
constant injection flow circulating through the seal chamber to carry away

heat developed by the “ace seal.

At the turbine end of the machine, helium buffer fluid is introduced between
the opposed pair of rings of the floating-ring seals at a maximum pressure of
approximately 1379 kPa (200 psia). The leakage from the face seal and LOX
side of the floating-ring seal discharge from the machine through a common

drain.

The seal development program was not directed toward a specific machine, but
was intended to cover a broad range of sizes and conditions. Two seal sizes
were investigated, one for a 20-mm diameter shaft and the other for a 50-mm
diameter shaft. Table l-1 identifies targeted requirements and operating

conditions,

Although leakage reduirements were not specified, they we:~ to be as small as
practicable because leakage reduction translates directly into increased
vehicle payload. The 183 m/s (600 ft/s) interface speed was a target require-
ment that could not practically be met with the 20-mm shaft diameter. It
necessitates operating <cshaft speeds of approximately 18,326 rad/s
(175,000 r/min). The maximum design speed of the rig was 10,472 rad/s
(100,000 r/min).

The program that was accomplished included the following:

l. Analysis, design, manufacture, and test of 50-mm Rayleigh-step helium

buffer geals.
2. Analysis and design of 20-mm Rayleigh-step helium buffer seals.
3. Analysis, design, and manufacture of 50-mm spiral-groove LOX seals.

4. Analysis and design of 20-mm spiral-groove LOX seals.
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5. Analysis, design, and manufacture of a seal test rig designed fc ° maximum
gspeeds of 7330 rad/s (70,000 r/min) for 50-mm seal testing and
10,472 rad/s (100,000 r/min) for 20-mm seal testing.

6. Design and installation of a seal test facility at Wyle Laboratories,

Norco, California.

7. Completion of a test program for the 30-mm, helium buffered Rayleigh-step

seal.

8. The program produced extensive documentation. In addition to this final
report and separate Executive Summary, References [1]*, [2], and [3] are
interim reports concerned with the analysis and design of the LOX spiral-
groove seals, Rayleigh-step nelium buffer geals, and the test rig, respec-
tively. Refererce [4] describes the test plan including the d>sign of the

tesc facility.

Several set:s of spiral-groove face seals and Rayleigh-step floating ring seals
were manucactured in the 50-mm size, by Stein Seal Company of Philadelphia,
Pennsylvania. Stein completed manufacturing drawings and contributed to the

final designs.
In addition to the tasks described above, MTI supplied to NASA/LeRC for inter-

nal use a series of computer codes for analyzing the spiral-grocre and

Rayleigh~step seals. Brief descriptions of these codes follow.

* Spiral-Groove Seal Codes

SPIRALTI - is used for establishing the geometry and fluid-film performance
of spiral-groove seals. Turbulence and ine-tia are included and the geom-

etry can be optimized on the basis of stiffness.

*Numbers in brackets denote references that can be found in Section 9.0.
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DSEALBI2 - establishes complete geal performance of a given geometry includ-
ing film thickness, flow, power loss, temperature rise, elastic thermal

distortions and stresses, and dynamic response characteristics.

* Floating-Ring Seal Codes

RASTEPCO - is used for optimizing the geometry of the shrouded Rayleigh-step
compressible fluid gseal configuration and producing steady state perform-
ance. The code alss produces fluid-film forces as a function of eccentrici-

ty vatio for use in the dynamics code described below.

RINGDY - determines dynamic response of a fluid-film (compressible fluid)
floating-ring seal as a function of given shaft excursions. Coulomb fric-
tion occurring along the side walls is taken into account. The program
produces rrbital response of the ring and establishes whether the ring is

properly following the shaft.

FLOWCAL -~ was written to provide more accurate leakage predictions for the
floating-ring seal. The RASTEPCO code computes flow on the basis of viscous
laminar theory. FLOWCAL computes gas flow through an annular clearance of
finite length exposed to an axial pressure gradient, including combined
inertia, viscous effects, and seal ring eccentricity. The thermodynamic

behavior of the fliuid can be preselected to be isothermal or adiabatic.

This report has been organized so that significant results, conclusions, and
recommendations are presented up front. For those involved in the details of
seal technology including analysis, design, testing, instrumentation, etc.,
subsequent gections of the report would be informative. Also, an Executive
Summary {(MTI 85TR21) has been generated that concisely presents the more

significant results of the program effort.
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TABLE 1-1

REQUIREMENTS AND OPERATINC CONDITIONS

Spiral Groove Seals

Shaft Diameter (mm):
Maximum Pressure (MPa):
Fluid:

Interface Speed:

Start-Up Acceleration:
Minimum Operating Life (h):

Minimum Number of Starts:

50/20

5.17/5.17 (750 psia)
LOX

183 m/s (600 ft/s?)
152.4 m/s? (500 £t/s?)
10

300

Helium Buffer Seals

Shaft Diameter (mm):
Maximum Pressure (MPa):
Fluid:

Interface Speed:

Start-Up Acceleration:
Minimum Operating Life (h):

Minimum Number of Starts:

1-6

50/20

1.38/1.38 (200 psia)
Helium GCas

183 m/s (600 ft/s)
152.4 m/s2 (500 ft/s?)
10

300




2.0 SUMMARY OF SIGNIFICANT RESULTS AND CONCLUSIONS

In this gection, a broad summary of the results of the program are presented
with relevant descriptive matsrial, conclusions, and recommendations. Both

types of seals are discussed as well as the test rig and instrumentation.

2.1 Configuration and Principle of Operation of a 50-mm Helium Buffer Seal

Figure 2-1* ghows a schematic representation of the helium buffered, float-
ing-ring seal. The seal consists of two rings that are mounted back-to-back.
The helium buffer fluid enters between the rings and forces the rings up
against the stationary housing. The buffer fluid leaks in the clearance annu-
lus between the shaft and the seal and prevents ingress of exterior fluid on

either side of the floating~ring assembly.

The rings are held in equilibrium by a number of forces as shown in
Figure 2-1. Fg is a pressure force from the inlet buffer fluid that forces
the rings up against the housings. This pressure force is balanced patt way
on the housing sides of the rings indicated by Fg. Fy represents a hydrody-
namic force that is generated by rotation between the shaft and the ring. The
net hydrodynamic force is zero when the shaft and rings are in the concentric
position. However, when the ring becomes eccentric with respect to the shaft,
a hydrodynamic force is built up that opposes the eccentricity. There is also
a normal force, Fy, acting on the ring at the contact area bet :een the ring and
the housing. Generally, Fy is maintained as small as possible to minimize
frictional resistance forces. To minimize Fy, the balance force, Fg, should
be as large as possible. Therefore, the contact area is small and is located
as close to the shaft as is practicable, but with gufficient housing clearance
to permit the necessary shaft excursions. In addition to the equilibrium
forces mentioned above, there is a friction force, Ff, between the seal ring

and housing.

*Figures are presented consecutively, beginning on page 2-18.
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Figure 2-2 shows the hydrodynamic geometry that is incorporated into the bore
of the seal rings. A portion of the length of the bore is gsegregated into
gsectors and thege sectors are separated from one another by axial grooves. A
circumferential groove that goes completely around the bore is incorporated
before the gseal dam region. At the interior of the gectors, Rayleigh-step
pockets are machined. Hydrodynamic pressures are generated by viscous pumping
of the fluid over the Rayleigh step. Surrounding the Rayleigh—~step gas bear-
ing by the high-pressure ambient, regults in increased load capability. The
sealing occurs across the dam which is a narrow annulus of low clearance
exposed to high pressure at its interior circumferential groove ind to lower
pressure at its outboard end. The shaded regions on Figure 2-2 indicate
depressions from grooves and Rayleigh-gtep pockets. Figure 2-3 is a photo-
graph of a carbon ring seal set with embedded thermocouples for temperarure

measurement.

2.2 Test Results of the 50-mm Rayleigh-Step Helium Buffer Seal

Four helium seal sets and three runners were tested during the cours- of the
program. All were subjected to steady-state tests while two sets additionally
underwent high acceleration rate tésts. The tests resulted in 613 min of
cumulative running time and 90 high acceleration rate starts. Table 2-1%

provides a brief summary of the tests performed.

The seals performed successfully over a broad range of conditions, including
the full design pressure of 1379 kPa absolute (200 psia). The design speed of
7330 rad/s (70,000 r/min) was not achieved. The first three seal tests were
limited to about 5235 rad/s (50,000 r/min) due to a dynamics problem in the
test rig. After modifications were made to correct the problem, a fourth seal

test was run.

Seal set No. 2 completed the test program to the maximum speed capability of

the rig without damage, including 50 high acceleration start-ups.

*Tables are presented consecutively, beginning on page 2-41.



The failure of seal set No. 1l was direcrly attributable rto large amplitude
motions of the gseal runner. The estimated amplitude was 0.038 to 0.098 mm
(1.5 to 2 mils) peak to peak which was well beyond the acceptable range. Seal
set No. 3 failed because of contamination in the helium supply system that

infiltrated the ring clearance.

Testing of geal set No. 4 was accomplished subsequent to modification made to
the rig to achieve full speed. The changes clearly had a beneficial effect
and allowed operation to proceed to 5968 rad/s (57,000 r/min) with mucn lower
vibration levels. The modification, however, resulted in a higher temperature
seal environment. Seal failure resulted by consumption of available clearance
at a speed of 5968 rad/s (57,000 r/min). The rig did not show evidence of
2xcessive vibrations. The indications were that full speed operation of
7330 rad/s (70,000 r/min) could be achieved, and seal failure would not have

occurred if larger installed clearances were incorporated.

Figure 2-4 indicates the steady-gstate data points for seal set No. 2, as a

function of speed and helium supply pressure superimposed upon a theoretical

operating range map. Analytically, there are two limitations on performance:

1., Insufficient hydrodynamic forces to overcome friction forces - a
low-speed, high-pressure constra.at identified by the high frictinn

region on the figure

2, Insufficient friction to counteract inertia forces - a high-speed,
low-pressure constraint identified as the low friction region on the

figure.

Figure 2-4 shows an operating range map for the 50-mm seal that accounts for
all constraints. If the pressure follows a speed squared relationship to a
maximum of 1379 kPa (200 psia) at 7330 rad/s (70,000 r/min), it was expecte '
that seal performance would be satisfactory. The majocity of the data points
fall into the high friction region where friction forces on the seal ring
exceed hydrodynamic fluid-film forces. Most of the testing revealed that the

seal ring remained stationary and shaft movement was contained inside the
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clearance region. Any movement ot the ring was .o another stationary position

to acecommodate variation in shaft eccentricity at the seal ring location,

Figure 2-5 shows flow data versus pressure drop tor the outboard seal ring on
seal set No. 2 at various operating speeds. The sulid lines represent theore-
tically predicted flows at various radial clearances. Theoretical flow is
independent of speed. Speed increases cause clearance reduction because of
centrifugal runner growth and thermal expansions. Consequently, flow gener-

ally decreased with gpeed.

The most accurate film thickness measurements were obtained from the outhoard
seal ring of geal set No. 4. Four probes were embedded in this ring and
directly measured the film thickness between the seal ring and the shaft.
Flow versus pressure drop data are shown on Figures 2-6 and 2-7. The resultg
indicate that measured clearances are lower than theoretical predictions tor
equal flows and presgures. However, there are indications of bypass flow
between the seal rings and housing that could account for some of the differ-

ences noted.

2.3 Conclusions and Recommendations for the 50-mm Rayleigh-Step Seal

The general conclusions drawn from the 50-mm Rayleigh-step floating-ring

helium buifer seal program are as follows:

* The program results confirm the capability of the seals to perform well in
cryogenic turbomachines. Seal set No. 2 went through its complete test
program unscathed and could be readi' - inserted into a machine and rerun.
Eight steady-state runs were made resulting in a accumulative test time of
261 min. Also, a total of 50 fast starts were completed with average accel-
eration rates of over 152.4 m/s? (500 ft/s?). Although full design inter-

face speed of 183 m/s (600 ft/s) was not achieved, the seals performed very

satigfactorily up to an interface speed of approximately 144 m/s (472 ft/s)
which 1s 1.33 times faster than previously reported results for cryogenic
applications [5]. In addition, full pressure drop of 1379 kPa absolute

(200 psia) was accomplished up to a speed of 126 m/s (412 ft/s). There was
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every indication that a preater machined clearance tor seal set Noo 4 would

have permitted full speed, tull pressure operation.

Leakage flow ranges per seal ring averaged between 0.001 and 0.002 kg/s
(13 to 25 scfm) and were not significantly affected by pressure drop and
speed. The most sensitive parameter is clearance. Examination of Figure
2-7 reveils that the measured flow varies approximately as the 2.5 power of
clearance at a constant pressure drop. Figure 2-8 shows a maximum ftlow
envelope for each seal set as a function of pressure drop. Each tlow curve
represents the higher of the two rings (inboard or outbeard) flows at a
given operating point. The highest flow recorded was 0.0026 kg/s (33 gctm).
However, typical flows ranged between 0.001 and 0.002 kg/s (13 and 25 sctm).
Figure 2~9 shows flow data for a single speed of 4712 rad/s (45,000 r/min).
While it was not the highest gpeed tested, it is the highest speed at which a
wide range of supply pressures were applied to cach geal get. Seal Sets No.
2 and No. 3 had maximum pressivre drops of 1365 wPa (198 psia) and 1250 kPa
(181 psia). Maximum flow levels are 0.0019 kg/s (24 scfm).

Two of the three seals that failed by high-speed contact did s0 because of
external factors unrelated to seal design and performance. One failure
occurred because of 2xcessive shaft vibrations and another by a contaminated

helium supply.

The seal design process requires integration with the machine environment,
Thermal expansions and contractions and centrifugal growth of the runner are
important considerations. To correct test rig vibrations, changes were made
that altered the geal environment. The program did not permit detail
studies to be made to determine the effects of the environmental chanyes on
geal set No. 4. As a result, the seals were instulled with insufficient
clearance. More liberal clearances would have permitted successful full

speed operation.

The material combination (P-5N carbon graphite rings versus tungstean
carbide coated runner) was not tolerant of high-gpeed rubs. The runner, in
particular, performed badly. It retained carbon transfer, closing up seal

clearances. Lozalized heating caused upset and flaking of the tungsten
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carbide coating. Large surface area rubs also caused "wipe=out'" ot rthe
Rayleigh steps machined into tne carbon rings. Investigation of alternate
material combinations was beyond the scope of the program, but more guitable

materials should be a future congideration.

The analytical tools used iua the design process were very ettoctive in
predicting fluid-film performance and dynamic response. Initially, leakage
was computed using viscous flow theory which proved to be difficult to
correlate with experimental results., It was necessary to modify the tlow
theory to include entrance and film inertia losses (see Appendix A). This
improved correlation and interpretation, however, discrepancies stillexist.,
For the same flow and pregsure, theoretical clearances are larger than meas-
ured by a factor of approximately l.6. This is not a large factor consider-
ing rhe sengitivity ol [luw with film thickaess. There was also evidence of
bypass leakage along the end walls that was not accounted for by theory.
However, further effort remains to explore in depth the reasong for the

variations.

Dynamic response of the rings did not appear to be a serious problem. Anal-
ysis indicated that the rings should have low mass to dynamically track
rnnner excursions. Consequently, they were made of carbon without composite
metallic rings on the outer circumferences. In most instances, the rings
were maintained in a gtatic position. Test ri: speed limitations caused
most test points to be in the high friction region of the operating range
map (Figure 2-4), but there appeared to be sufficient hydrodynamic capabil-
ity to move the rings when necessary. Dynamic response of the seal rings

probably would have been more active at full design speed.

“eal motions did arise on several occasions. The principal occurrence was
with tae inboard ring of the seal set No. 3. The seal ring developed an
in-phase, generally elliptical orbit. The orbit was observed at all three
test speeds of 3665, 4188, and 4712 rad/s (35,000, 40,000, and 45,000 r/min)
and became larger in amplitude as the gsupply pressure was increased. The
maxiwum orbit diameter was approximately 0.025 to 0.030 mm (0.001 to
0.0012 in.). The runner orbit was approximately 0.010 to 0.013 mm
(0.0004 to 0.0005 in.) so that some amplification was taking place. This
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ring did not tail nor make contact with the ranner and attesr to rhe execel-
lent dynamic qualities ot the seal system. It ig speculated that a tluid
tilm existed between the rings and end wallys, minimizing frictional resist-

ance of the rings to shaft-induced motiong,

2.4 Results and Conclusions tor the 20-mm Rayleigh-Step Helium Butfer Seal

For this geal, theoretical and design investigations were made and the tollow-

ing is a summary of the signiticant regults and conclusions:

The maximum test rig speed is 10,472 rad/s (100,000 r/min). This linits the
surface speed of a 20-mm diameter shaft to 104.5 m/s (343 ft/s). Thus, it
wruld not be possible to test the ?0-mm seal at the gpecified condition of
163 m/s (600 ft/s). Surtace speed limitations also restrict fluid-film
hydrodynamic torce generation uecessary to overcome geal ring friction. It
was determined that the maximum buffer ftluid pressure at 10,472 rad/s
(100,000 r/mian) would be 689 kPa (100 psia). Figure 2-10 shows the operat-
ing range map for the 20-mm seal, indicating the high and low friction
regions that would cauge difficulty. The operating range is narrower than
for the 50-mm design. Also indicated on the curve is the speed squared
relationship with pressure to be used in test. Regions of low friction are
encountered as the ghaft comes v~ to speed where excessive ring motions
would occur if operation was sustained. However, if the seal system does
not dwell at these conditions, it could pass through them without endangaer-

ing seal operation.

Centrifugal expansion for the 20-mm seal runner is negligible because the
runner 1is integral with the small diameter shaft. Thermal contractions,
however, require very close installation clearanceg of 0.0102 to 0.0229 mm
(0.0004 to 0.0009 in.) diametral clearance. Mating the rings directly
againgst the shaft is desirable since it removes the uncertainties of runner

growth and distortions. Material combinations should be such that the shaft

survive high-speed rubs,

* As with the 50-mm seals, low mass and all carbon rings are required for

dynamic tracking.
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The spiral-groove face seal is a prime candidate for application to LOX turbc-
pumps. It is a fluid-film seal that can effectively inhibit leakage and avoid
rubbing contact that could cause catastrophic explogsion failure in a LOX envi-
ronment. Ag described in Section 1.0, the function of the LOX seal ig to aid

in preventing leakage of LOX from the pump end of the machine.

Origindlly, MTT examined a conventional type of spiral-groove seal that was
labeled the straight-through design. The spiral grooves extended to the
outgside diameter and the tluid - 's pumped inward to a dam region at the inte-
rior ID of the seal. Although excellent performance characteristics were
predicted, the straight-through designs were ultimately abandoned because of

the probability of vaporization in the flow path.
The pressure-balanced concept selected was conceived by NASA/LeRC . 1 recom-
mended for the LOX turbopump application because it obviated vaporization

problems and reduced net axial lcading.

2.5.1 Special Considerations for LOX

2.5.1.1 Fluid Vaporization. Because of the many restrictions the fluid pass-

es through before it reaches the seal compartment, it enters relatively hot.
However, since it is at high pressure, it is still a liquid. When passing
through the seal, it is further heated by viscous shear and simultaneously the
pressure drops to the seal exhaust ambient. Thus, upon discharging from the
seal interface, it is in a mixed vapor state. At ambient pressure, the satu-
ration temperatures of LOX is -183°C (-297.4°F); the discharge temperature in
the seal interface can be significantly higher and is generally around -115°C
(-175°F).  Therefore, vaporization 1is Llikely. Vaporization in the
spiral-groove leakage path can block the through-fiow which assists in carry-
ing away the heat generated in the interface. This leads to further vaporiza-
tion, reduction in fluid viscosity, and consequently 1load capacity.
Ultimately, the seal fails due to overload and overheating. Therefore, an
adequate seal design must handle vaporization without seriously jeopardizing

performance.



2.5.1.2 Fluid Turbulence. The criterion for turbulence is that the ratio ot

inertia to viscous fluid forces, which is the commonly applied Reynolds
number, be greater than 1000 [6]. The Reynolds number is a dimensionless

quantity defined as follows!

Re = pUgh/u
where:
p = fluid density
Uo = surface velocity
= film thickness
U = absolute visgcosity

The characteristics of LOX are such that the mass density approaches that of
water, while the vigscosity is close to that of a gas. From the definition of
the Reynolds number, this ccmbination of fluid properties is conducive to the
promotion of turbulence. The load on the seal would have to be great enough so
that the operating film thickness was only 6.1 x 1077 m (24 x" 1078 in.) for
the flow to be laminar. This film thickness is too small to be practical and
would produce heat generation that would vaporize the fluid and cause failure
by contact and overheating. The final seal design operated with film thick-
nesses near 2.54 x 1077 m (0.001 in.) with resulting Reynolds numbers in the
vicinity of 42,500. The effects of turbulence upon fluid-film performance is
the same as if the seal were operating in the laminar regime with a greatly
increased viscosity. It produces a greater load carrying capability and high=-
er viscous power losses than a laminar operating seal. With respect to the
spiral-groove geometry, turbulence results in much deeper and wider grooves
than a laminar counterpart, so that sufficient fluid of apparent high viscosi-

ty could be pumped through the large cLearance.

2.5.1.3 Fluid Inertia. Because of the large operating film thickness and

high-pressure gradients, the flow restriction through the seal is not entirely
viscous. Inertia forces are another sigznificant consideration. Inertia
produces stecp pressure drops at flow restrictions, or sudden contractions in

the path of the flow. At the sudden contiactions, pressure head is converted
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to velocity head. Such contractions occur at the gpiral-groove dam upon tluid
entrance in.o the seal land, and alsc upon fluid entrance into the
spiral-groove seal from the high-pressure fluid at the oucer periphery.
Another inertia influence is centrifugal forces acting on the fluid. These
were not considered because of the complexity of the analyses; their general
effect is to retard flow. It was estimated thev would not have more than a 10%

influence on the predicted rates.

2,5.1.4 Two-Phase Flow. Once the fluid vaporizes, it enters the mixed flow
regime and a considerable amount of energy is required to boil the liquid.
When it is in the mixed regime, the pertnrmance of the seal is not precigely
known although it was speculated that leakage would be close to that of a pure
liquid. Because of this, most of the seal interface is in the spiral-groove
region where the fluid is at high pressure and in a purely liquid state. It is
only at the latter end of the seal dam where the pressure is low that vaporiza-
tion generates. Two-phase flow may be a significant phenomenon for future LOX

seals and is an area where further 2ffort should be devoted.

2.5.2 Pressure-Balanced Spiral-Groove Seal

The pressure-balanced concept is schematically pictured on Figure 2-11. The
spiral-groove region is fed by an interior groove that communicates through
passages (drilled holes) with the pressurized fluid to be sealed. In this
instance, the term pressure-balance implies that the high-pressure fluid to be
sealed resides at both the inside and outside perimeters of the spiral-groove
region. The grooves pump outward to a dam region on the outer periphery of the
seal. Leakage flows from the interior groove inward through a sealing land to

the ambient low-pressuve region.

A principal advantage of this configuration over the straight-inflow design is
that the spiral-groove pumping circuit operates independently of the leakage
circuit. Thus,; if the fluid flashes or vaporizes in the leakage dam inter-
face, it will not affect the pumping action of the spiral-groove and the abil-
ity of the faces to maintain separation. From a leakage point of view,

flashing 1s beneficial since it significantly reduces mass flow. The one
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major problem with the pressure-balanced concept ig the posgibility of over-

heating.

Consider a control volume surrounding the seal, as represented by the dashed
lines on Figure 2-1., What leaves and enters the control volume is leakage
flow. However, internal to the control volume, there is a significant amount
of viscous shear. If we presume that all the heat generated by viscous shear
ig carried away by the leakage flow, then the temperature rise ingide the
control voiume can become very high. However, if external cooling flow is
circulated through the control volume, it can carry away the heat generated by
viscous friction and prevent excessive temperature rises. Fortunately,
excess flow is forced into the seal cavity of many LOX turbopumps and recircu-
lated into the impeller inlet (refer to Figure 1-1). This circulating flow

can prevent overheating.

A typical pressure distribution across the face of the pressure-balanced
concept 1ig shown on Figure 2-12. The pressure is normalized with respect to
the high pressure being sealed on the outer periphery. The radial distance or
span is indicated nondimensionally along the abscissa. The origin in the
radial direction is at the inlet of the spiral-groove region. The pressure
increases from the 1interior of the grooved region outboard until the
spiral-groove dam is reached. Then, there is a sudden inertia pressure drop
at the entrance to the dam, followed by a linear pressurce drop through the dam
to the outer periphery of the seal. From the origin at the interior of the
spiral-groove region, proceeding inward, there is a counstant pressure in the
grooved annulus followed by a significant pressure drop at the entrance to the
sealing dam and then a linear drop across the sealing dam to ambient pressure.
The inertia pressure drop is high across the sealing dam because of the high-~

pressure gradient across it,.

2.6 50-mm Spiral-Groove Seal

2.6.1 Groove Geometry

The general groove geometry is shown on Figure 2-13. Note that deep and wide

grooves are necessary to pump the highly turbulent fluid because of its high
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effective viscosity. Table 2-2 defines the principal nominal dimensions of

the pressure-balanced design.

The original MTI design layout of the 50-mm pressure-balanced seal is shown on
Figure 2-14. In the test rig, the gseal will be installed in a back-to-back
configuration as chown on the bottom left corner of the drawing. This was
done to eliminate excessive thrust loading on the test rig thrust bearing.
The outboard seal is the test seal, while the inboard seal is the thrust
balancing seal. The nonrotating member of the spiral-groove seal is made from
carbon graphite (P-5N) and contains the interior high-pressure inlet annulus

and feed holes.

The seal rings do not have metal shrouds or interface pieces. The intent is to
maintain the mass of the seal ring members as low as possible for improved
dynamic response. Figure 2-15 is a photograph of one face seal and a mating
ring. Because of the back-to-back installation, the mating ring incorporates

grooving on both sides, but of opposite hand.

2.6.2 Summary of Performance

The principal advantage of the pressure-balanced design is that it separates
the spiral-groove and leakage circuits, and reduces the consequences of fluid

vaporization in the seal region interface.

Disadvantages of the pressure-balanced design are high power loss including
vigcous friction and windage of the rotating mating ring, relatively large
collar diameter, poor low-speed performance, and high lLift-off speed. Also,
without external cooling or recirculation of LOX inlet supply, there is a good
possibility the seal will overheat. A summary of calculated performance
results at design operating conditions 1is iudicated on Table 2-3. The table

provides information for both the cooled and unccoled inlet conditions.

The factors that 1influence safe operation of pressure-balanced seals are
film-thickness, fluid temperature rise, and dynamic response or ability of the
seal ring to follow excursions of the rotating collar. Based on the analysis,

an acceptable operating range was established. This is shown in Figure 2-16.
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At low rotational speeds, low film thickness and excessive temperatures are
limiting factors. At lower pressures and high speeds, the limiting factor is
dynamic response. The safe operating range lies within these boundaries.
Note that a pressure versus speed squared relationship will produce safe
start-up operation. The relatively large operating clearance provides a
greater tolerance to digtortions and dynamic response than laminar seals that
typically operate in the film thickness range of 0.0025 to 0.0051 mm (C.0001
to 0.9002 in.)

The effects of turbulence are increased film thickness and power consumption.
Geometrically, th2 seal requires deep and wide pumping grooves. The magnitude
of the turbulence is large, producing Reynolds numbers in the 40,000 to 50,000

range.

2.7 20-mm Spiral-Groove Seal

2.7.1 Geometry

Figure 2-17 is a léyout drawing of the 20-mm pressure-balanced design. The
concept is very similar to the 50-mm design except it is a scaled down version
congistent with the size reduction, but optimized to operate at similar
surface speeds of 183 m/s (600 ft/s). Table 2-4 indicates the pertinent nomi-
nal dimensions of the 20-mm design; the spiral-groove geometry is also indi-

cated on Figure 2-17.

2.7.2 Summary of Performance

Performance of the 20-mm seal is summarized on Table 2-5 and Figure 2-18. The
table presents performance at the design point condition, while the figure is
an operating range map. The map indicates low-speed, high-pressure operation
is to be avoided because of marginal film thickness and high temperature rise
of the fluid. At high-speed, low-pressure operation, dynamic response prob-
lems are encountered. A pressure increase proportional to the square of the

operating spered produces safe operation.
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2.8 Test Rig

2.8.1 Design Philosophy

The general design of the test rig was guided by several fundamental princi-

pals generated at the outset of the program.

1. The rig was to have the capability to test both 50- and 20-mm seals. The
50-mm seals were to be tested at a maximum speed of 7,330 rad/s
(70,000 r/min); the 20-mm seals were to be tested at a maximum speed of
10,472 rad/s (100,000 r/min).

2. Different shafts could be installed for the 50- and 20~-mm seal tests, but
the game set of bearings were to be employed. A journal size of 30 mm was
selected as a compromise for testing both size seals and for providing

acceptable rotordynamic response and bearing power losses.
3. Hydrostatic fluid-film bearings were to be employed to enable friction-
free start/stops, whirl-free operation, good damping qualities, and free-

dom of adjustment through flow and restrictor element alterations.

2.8.2 General Configuration

A cross section of the test rig is shown on Figure 2-19. The right-hand
portion of the rig is the drive where the nitrogen turbine is located. The
central portion is the bearing region where the journal and thrust bearings
are located. The left end of the rig is the test seal section; the 50-mm heli-

um buffer seal is shown instailed.

Locating the thrugt bearing in the center of the rotor avoids excessive over-
hang at either end and provides for a more uniform distribution of mass along
the rot'r. This arrangement alleviates rotordynamic difficulties due to large
overhung masses which would or:ur if the test seals and thrust bearing were
mounted in tandem at one end of the rotor. The helium buffers are installed in

a back-to-back configuration, and mate against a common runner.
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The 30~mm shaft journal diaweter provides sufficient stiffness to be below the
bending critical speed, and prevents excessive bearing and windage power loss-—
es for operation at 7330 rad/s (70,000 r/min). At the turbine end of the
shaft, a heat dam is located between the turbine wheel and shaft. This dam
prevents high temperature at the turbine wheel from conducting heat into the
cold shaft regions. The outside periphery of the heat dam is machined with a
labyrinth that provides one half of a buffer seal that prevents turbine gas
from entering the bearing region. At the seal end of the ghaft, the helium
seal runner is secured to the shaft by a spring sleeve that is pressed onto the
shaft. This compensates for bore growth of the runner. Figure 2-20 shows
disassembled components of the test rig and Figure 2-21 is a photograph of an
assembled rotor. Details concerning the rig design are presented in

Section 6.0.

Because of problems uncovered during the first three tests, three modifica-
tions were made prior to the fourth seal test. Perhaps the mcst significant
alteration was the addition of a small labyriﬁth seal between the inboard
helium seal ring and the nearby journal bearing as shown in Figure 2-22,
Helium leaking from the seal and an additional flow of helium entering through
a new external port, were maintained at a slightly higher than bearing drain
pressure, preventing LN2 from flowing through the new labyrinth seal and bath-
ing the inboard end of the runner. This was done to reduce the heat generation
from windage losses that was causing vaporization in the adjacent bearing
film, reducing bearing effective stiffness and damping and resulting in unac-
ceptable rotor response at speeds below design speed. The insertion of the
labyrinth seal insured that only gaseous helium wtuld run against the seal

runner with gsignificantly lower windage losses than that produced by LNj.

2.8.3 Summary of Test Rig Performance

In general, the test rig performe: well with the principal exception of not
achieving full speed. As mentioned above, this problem was traced to vapori-
zation in the seal end journal bearing reducing ity stiffness and damping
characteristics which resulted in high vibration levels at approximately

5236 rad/s (50,000 r/min). Corrections were made to the rig to eliminate this
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problem, but a seal tailure at 5969 rad/s (57,000 r/min) prevented further

speed increases.

The testing program surfaced several other characteristics of the test rig

that are significant and peculiar to cryogenic testing. These are mentionable

because they have general applicability to cryogenic test rigs and are impor-

tant cto understand for future applications of the rig.

1.

Initial Cooldown. The hydrostatic bearings are energized early in the

gtart—-up process in order to float the shaft prior to rotation. Initial-
ly, the rig is at ambient temperature and the cryogenic fluid supply to
the bearings (LNz nr LOX) is in a gaseous state. Since there are deep
recesseg in the bearings, the bearing rotor gystem is prone to pneumatic
hammer until the cryogenic fluid is liquefied. It was necessary to manu-
ally hold the shaft from vibrating by forcing it axially against the
thrust bearing surface during the chill-down period (+20-min time span).
For LNy testing, this requirement presented an inconvenience but no seri-
ous problems. For LOX testing, however, personnel are not permitted in
the vicinity of the test rig, and a remote holding device is required.
For future hydrostatic bearing designs, the recess volume should be as

small as practicable to avoid pneumatic hammer at startup.

Recess Pressure Measurement. Measurement of recess pressures provides

information on the state of health of the rotor-bearing system while oper-
ating. Unfortunately, the measurement system introduced problems and
ultimately had to be abandoned. What occurred was vaporization of the
cryogen in the pressure sensor lines emanating from the rig to the pres-
sure transducers. This deteriorated bearing stiffness because the fluid
column stiffness in the instrument line is significantly less when vapor
is present. Also, heat is transferred from the line fluid into the recess
promoting bubbling. It was necessary to plug '~ . pressure tap lines at

the tester and operate without recess pressure information,

Isolation of the seal test area from the seal end journal bearing was

required to prevent heat transfer into the bearing and causing vaporiza-

tior and bubbling of the cryogen in the bearing. The installation of a
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labyrinth seal between the bearing and seal compartment and an additional
gource of helium buffer fluid prevented ingress of LOX to the bearing side
surface of the seal runner. A substantial reduction in windage heat
generation was accomplished, which effectively eliminated excessive heat

transfer into the bearing from the seal compartment.

4. Nitrogen was not an acceptable buffer fluid at the turbine end buffeved

labyrinth geal because it liquefied rapidly. It was necessary to use

helium as the buffer fluid.

2.9 .nstrumentation

There is one area regarding instrumentation that is worthy of mentioning in
this summary of significant results. The original method of measuring seal
film thickness was to trace the movement of the seal rings and runner sepa-
rately and obtain clearance by electronically subtracting signals. It was
originally determined that embedding probes directly into the seal ring would
impose restraint by cables that would prevent dynamic tracking. It was subse-
quently discovered that a very thin coaxial cable (0.76 mm in diameter)
existed, that would not impose excessive restraint on the seal rings. It was
decided to make probes and embed them directly into one of the seal rings for
test No. 4. Direct measurement of film thickness rather than the differential
approach would produce more accurate measurement and errors due to large
temperature gradients in the housing could be avoided. The probes performed

very well.

Figure 2-23 shows details of the probe installation and Figure 2-24 is a
photograph of the instrumented ring. The two original probes observing the
seal runner were kept and used to monitor runner motion. The embedded probes

were not subject to error due to thermal distortions of the seal housings.
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TABLE 2-1

SUMMARY OF TEST RESULTS

Maximum Supply Maximum Cumulative | No. of

Hardware Pressure, kPa Speed Run Time Fast

Tested Absolute (psia) | rad/s (r/min) (min) Starts | Hardware Conditions

SEAL SET NO. Qutboard seal rubbed
due to tester
vibration.

Runner No. 1,179 (171) 5,895 (56,300) 96 0 Outboard seal ring
worn. Runner has
surface cracks.

SEAL SET NO. No damage.

Runner No. 1,482 (215) 5,099 (48,700) 261 50

SEAL SET NO. Qutboard seal rubbed
due to contamination.

Runner No'. 1,482 (215) 4,963 (47,400) 236 40 Outboard seal ring
worn. Runner has
surface cracks.

SEAL SET NO. Inboard seal rubbed
due to loss of
clearance.

Runner No. 827 (120) 5,968 (57,000) 20 ] Inboard seal ring

worn. Runner surface
galled and worn.
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TABLE 2-2

rm—

DIMENSIONS OF PRESSURE-BALANCED, 50-MM,
OUTWARD PUMPING, SPIRAL-GROOVE SEAL

Outside Groove Dam Radius: 40.13 mm (1.58 in.)
Inside Groove Dam Radius: 38.86 mm (1.53 in.)
Inside Groove Radius: 35.05 mm (1.38 in.)
Outside Seal Dam Radius: 32.51 mm (1.28 in.)
Inside Seal Dam Radius: 30.48 mm (1,20 in.)
Secondary Seal Radiusg: 30.99 mm (1.22 in.)
Inside Ring Radius: 25.4 mm (1.00 in.)
Seal Length: 20.32 mm (0.8 in.)
Secondary Seal Position

(Distance from Face): 15.75 mm (0.62 in.)
Groove Depth: 0.254 mm (0.010 in.)
Groove Angle: 11°
Land Width/Groove Width: 0.45
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TABLE 2-3

STEADY-STATE PERFORMANCE OF
50-MM SPIRAL-GROOVE SEAL

fF + ¢t WY W

Pressure Pregsgure
Balanced Balanced
=Cooled- Uncooled
Film Thickness, mm 0.0236 0.0236
(in.) (0.0009) (0.0009)
Axial Stiffness, N/mm x 1073 8l.1 8l.1
(ib/in. x 10°3) (463) (463)
Leakage3 m3/s x 1072 29.8 29.8
(in.”/s) (18.18) (18.18)

L e d E e A————
| 4 »

¢

Power Loss, kW (hp) 9.47 (12.69) 9.47 (12.69)

T Groove, °C (°F) -118 ( '180.4) -104 (-155.2)

AT Grooves, °C (°F) 21.44 (38.6) 35.56 (64)

AT Seal, °C (°F) 2.83 (5.09) 17.22 (31)

Load, N (1b) 10,608 (2,385) 10,608 (2,385)

N, rad/s (r/min) 5,864 (56,000) 5,864 (56,000)

P = 5.17 MPa (750 psig)
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TABLE 2-4

DIMENSIONS OF PRESSURE~BALANCED, 20-MM,
OUTWARD PUMPING, SPIRAL-GROOVE SEAL

OQutside Groove Dam Radius: 25.91 mm (1.02 in.)
Inside Groove Dam Radius: 24.64 mm (0.97 in.)
Inside Groove Radius: 20.83 mm (0.82 in.)
Outside Seal Dam Radius: 18.29 mm (0.72 in.)
Inside Seal Dam Radius: 16.26 mm (0.64 in.)
Secondary Seal Radius: 17.53 mm (0.69 in.)
Ingside Ring Radius: 11.18 mm (0.44 in.)
Seal Length: 20.32 mm (0.80 in.)
Secondary Seal Position

(Distance from Face): 15.75 mm (0.62 in.)
Groove Depth: 0.203 mm (0.008 in.)
Groove Angle: 11°
Land Width/Groove Width: 0.45

2-4"



.

L d
1)

-

-

TABLE 2-5

STEADY-STATE PERFORMANCE OF 20-MM
SPIRAL-GROOVE SEAL

Pressure

Balanced

Cooled _
Film Thickness, mm (mils) 25.9 (1.02)
Axial Stiffness, N/m x 107/ 4,35

(1b/in. x 1079) (2.77)

Leakage, m3/s x 10% (in.3/s) 1.9 (11.6)
Power Loss, kW (hp) 7.1 (9.5)
AT Grooves, °C (°F) 25 (45)
AT seal, °C (°F) 2.2 (4)
Load, N (lb) 6383 (1435)

P = 5,17 MPa (750 psi)

N =10,472 rad/s (100,000 r/min)
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3.0__TEST RESULTS

3.1 Introduction

Four helium seal sets and three runners were tested during the course ot the
program. All were subjected to steady-state tests while two sets additionally
underwent high acceleration rate tests. The tests resulted in 618 min of
cumilative running time and 90 high acceleration rate gstarts. (Refer to Table

2-1 for a brief summary of the tests performed.)

The following sections provide a dctailed report of the results of the tour

seal tests and their correlation with theoretical predictions.

The test rig configuration for the first three seal testg followed the
original design (see Figure 2-19). A 50-mm seal runner is secured to the left
side of the rotor. The two seal rings fit back-to-back over the runner and are
held apart by a spring. They are restrained on the right side by the seal
housing and on the left gide by a ring bolted to the housing. The seal rings
are made of carbon graphite while the seal runner consists of Inconel 718 with

a tungsten carbide coating on the outside diameter.

Helium gas is supplied through two radial ports to the annular space between
the seal rings. Part of the flow passes between the runner and left seal ring
(outboard) exiting into the large drain cavity on the left side of the tester
and from there into a separate drain line. The remainder of the helium flow
passes between the runner and the right-hand seal ring (inboard) into a cham-
ber between the seal housing and adjacent bearing housing. From the nearby
journal bearing, LNy also flows into the chamber and mixes with the helium.
The mixture then flows through a passage under the journal bearing and out
through one of several radial ports, The LN7 has a substantial cooling effect
on the end of the runner and acts to increase the operating clearance of the

inboard seal.

Six capacitance probes were installed to measure the seal film thickness.
Three of the probes are oriented horizontally while the other three are
directed vertically. In the vertical group, two probes observe the back of

the two seal rings. (Refer to Figure 2-19.,) A third probe, not shown,
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observes the surface of the runner between the rings. The vertical film
thickness is derived by electronically subtracting the output of the respec-
tive seal probe from the commecn runner probe. The horizontal components are

similarly measured.

Because of problems uncovered during the first three tests, three modifica-
tions were made prior to the fourth seal test, Perhaps the most significant
was the addition of a small labyrinth seal between the inboard helium seal
ring and the nearby journal bearing as wag shown in Figure 2-22, Helium leak~
ing from the seal and :~ additional flow of helium entering through a new
external port were maintained at a slightly higher pressure than the bearing
drain pressure. Thiy prevented LN7 from flowing through the new labyrinth
seal and bathing the inboard end of the runner. It also was done to reduce the
heat generation from windage losses that was causing vaporization in the adja-
cent bearing film, reducing bearing effective ctiffness and damping and
regsulting in unacceptable rotor response. The insertion of the labyrinth geal
insured that only gaseous helium would contact the seal runner with gignif-

icantly lower windage losses than that produced by LNj.

In place of the six-probe differential array, an outboard seal ring containing
four embedded probes was installed permittiiag a direct measurement of film
thickness during the fourth test. Figure 2-23 showed the instrumented ring.
The two original probes observing the seal runner were kept and used to moni-
tor runner motion. The embedded probes were not subject to error due to ther-

mal distortions of the seal housings.

A final change consisted of a new runner with - electrolized surface to
replace the tungsten carbide coating used in the original degign. The rubs
which occurred during the first and third seal tests resulted in partial
delamination of the coating which contributed to tha failures. It was hoped

tae electrolized runner would provide a better surface in the event of a rub.

The pretest seal clearances are given in Table 3-1*. The overall accuracy of

the measurements is approximately +0.005 mm (+0.0002 in.). For the most part,

*Tables are presented consecutively, beginning on page 3-44.
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the pretest clearances of the tirst three seal sets conform to the design
requirements. The maximum discrepancy, tound on the No. l outboard seal, was
0.002 mm (0.00008 in.), certainly within the range of measurement accuracy.
The pretest clearances tor the fourth jeal set are slightly larger than the
original design requirements. This was considered desirable because of the
higher runner temperatures that were expected due to the installation of the

new labyrinth seal.

3.2 Steady-State Test Regultg

3.2,1 Seal Set No. 1

Principal data was taken during three runs conducted over an 82-min period.
Figures 3-1* and 3-2 provide time history plots of the test showing tester
speed and helium supply pressure. Figure 3-3 gives an operating map with the
actual test points guperimposed. Three additional starts were made which are

not documented in the figures. The total cumulative running time was 96 min.

Prior to rig rotation, helium pressures ranging from 662 to 1827 kPa absolute
(96 to 265 psia) were applied to check the integrity of the geal installations

and provide zero speed data.

During operation, steady-state data were sequentially taken at 3665 rad/s
(35,000 r/min), 4188 rad/s (40,000 r/min), 4712 rad/s (45,000 r/min), and
5235 rad/s (50,000 r/min) with helium supply pressures ranging from approxi-
mately 552 to 1172 kPa absolute (80 to 170 psia). Drain pressures downstream
of both seals were maintained between 448 to 552 kPa abgolute (65 to 80 psia).

The helium supply temperature varied between 38 and 43°C (100 and i10°F).

As indicated on Figure 3-3, virtually all of the test points were in the high
friction region of the operating map. At lower speeds of 3665 rad/s
(35,000 r/min) and 4188 rad/s (45,000 r/min), this was neceisary to maintain

a positive pressure drop across the seals. At the higher speeds of 4712 to

*Figures are presented consecutively, beginning on page 3-48.
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57159 rad/s (45,000 to 595,000 rv/min), proportionally higher pressures were
maintained in an etfort to add damping to the rotor syatem to combat the

vibration problem.

Despite  chese artempts, vihrations were encouniered at approximiat el
5235 rad/s (50,000 r/min) and became worse as speed increased to 957959 rad/s
(55,000 r/min). While several data points were taken at the latter speed, the
tester was tripped out when the outboard seal temperature abruptly increased
gignitying a rub. Figure 3-4 ig a strip chart recording of the temperature
excursion. A torque check revealed that the shaft was tight. Consequently,
no additional running was attempted. An analysis ot the tailed hardware is

given in Section 3.5.1.

In general, the facility and instrumentation worked well; however, several
problems did develop. The two capacitance probes obaevy ag the seal runner
rubbed briefly and shorted out due to rotor vibration and a greater than
anticipated loss of gap during initial chill-down. The failures occurred
shortly a.ter the first start. Consequently, nu usable probe data was logged.
Secondly, the Ventu . flowmeter, set to measure the leakage trom the outbhoard
geal wags gized anticipating larger flows and resulted in pressure drops too

low to measure. Both problems were corrected betore the second seal test.

Figure 3-5 shows both measured and predicted flow as a [unction of pressure
drop acraoss a single seal ring., The data i3 for the zero speed case with the
tester chilled down. The theoretical predictions are base! on the latest
model incorporating both viscous and inertial pressure drops. (See Appen-
dix A.) The four theoretical curves cover the range of anticipated radial
clearanceg and were calculated using the data given in the block insert in the
figure. Because of the flowmeter problem, the flow through the individual
gea. could not be separated. The experimental flow plotted equals one-halt
the total measured supply flow. The data in the block insert also applies to
the experimental tlow curve except for the eccentricity ratio and discharge

coeificient which could not be measured.
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Because the film thickness was not measured, no correlation between measured
flow and clearance was possible. However, cor-elating the measured flow with
the theoretical flows showed that the experimental data fnllows the predicted
curve .Jor ¢ radial film thickness of 0.020 mm (0.0008 in.) at low flows and
.023 mm (0.0009 in.) at higher flow conditions. Given the room temperature
clearances of 0.015 mm (0.0006 in.) for the outboard seal and 0.008 mm

(0.0003 in.) for the inboard seal, the measured flow seems reasonable.

Figure 3-6 shows the surface temperaturc of the seal rings during the same
test. The temperatures increase between 65 and 85°C and (117 and 153°F) from
low flow to high flow conditions. This demonstrates the strong warming etffect
that the helium flow has on the seal rings. It is somewhat surprising that the

inboard ring registers slightly higher temperatures than the sutboard ring.

Figure 3-7 contains a series of experimental flow curves at different tester
speeds. Again, these represent one half the total measured flow. Theoretical
curves are also depicted covering four seal clearances. The maximum flow rate
occurred at 5759 rad/s (55,000 r/min) at a pressure drop of approximately
650 kP1 (94 psi) and is equal to 0.0017 kg/s (21 scfm).

The experimental curves show a definite decrease in flow as speed 1is
increased. This is probably due to a decrease in clearance caused by centri-
fuge. and thermal growth of the runner. The anticipated decrease in clearance
due to centrifugal runner growth is about 0.00l mm (0.00004 in.) for each
speed increment of 524 rad/s (500C r/min). Thus, if the flow at 3665 rad/s
(35,000 r/m.n) corresponds to a clearance of 0.026 mm (0.00106 in.), the
curve at 5235 rad/s (50,000 r/min) should match up with a curve at 0.023 mm
(0.0009 in.). The actual data at 5235 rad/s (50,000 r/min) follows a clear~
ance line of 0.021 mm (0.00083 in.), indicating a slightly greater than
expected clearance decrease. Also, the data at 5759 rad/s (55,000 r/min) does

not follow the trend at all.

Figures 3-8 and 3-9 present the corresponding seal ring temperatures for the
inboard and outboard seal rings respectively. Again, there is a very signif-
icant warming effect as flow increases at higher pressures. It is also readi-

ly apparent that the rate of change of temperature with pressure is much
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higher at iower flows and tends to level off at higher rates. At constant
pressure, both figures tend to show slight decreases in temperature as speed
1s increased. This goes along with the decreased clearance, and thus
decreased flow, due to centrifugal and thermal growth of the runner. The data

at 5759 rad/s (5,000 r/min) deviates from the trend.

Figure 3-10 compares inboard and outboard seal temperatures at 4188 rad/s
(40,000 r/min) and shows that the inboard tends to be about 5 to 10°C (9 to
18°F) colder than the outboard at constant pressure. This is also typical of

the data at other speeds.

Since neither the individual seal flow rates nor the actual operating clear-
ances were measured fcr seal set No. 1, it was difficult to make any more

definitive correlation:

3.2.2 Seal Set No. 2

Figures 3-11 through 3-16 give a time history covering the three days over
which the seals were tested. The curves depict tester speed and helium supply
pressure. Figure 3-17 provides an operating map covering the entire test. As
mentioned in Secticn 2.0, the seal principally operated in the high friction

range.

Steady-state data were accrued over five runs resulting in data at 3665 rad/s
(35,000 r/min), 4188 rad/s (40,000 ./min), 4712 rad/s (45,000 r/min), and
5026 rad/s (48,000 r/min). Speed was limited to 5026 rad/s (48,000 r/min)
due to sharply increasing rotor vibrations. Seal set No. 2 completed all

subjected tests without evidence of failure of any kind.

The first four runs covered a range of supply pressures from 586 to 1069 kPa
absolute (85 to 155 psia). The fifth run conducted after a series of high
acceleration rate runs 1included additional data points at 4712 rad/s
(45,000 r/min) and reached a helium supply pressure of 1482 kPa absolute
(215 psia).
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In addition to varying the helium supply pressure at each speed, the outboard
seal drain pressure was also varied including values of 517, 310, and 103 kPa
absolute (75, 45, and 15 psia). The inboard drain j ire was maintained
between 517 and 551 kPa absolute (75 and 80 psia). The upst eam helium supply
temperature was between 38 and 43°C (100 and 110°F).

A zero speed run was also made varying helium supply pressures from 648 to
1820 kPa absolute (94 to 264 psia). Both geal drain pressures were maintained

at approximately 517 kPa absolute (75 psia) during this particular test.

Not counting the high acceleration rate runs which -re discussed in
Section 3.5, a total of eight runs were made resulting in a total accumulated
test time of 261 min. MNo problems were enccuntered and the seals were removed
intact and undamaged. Also, no problems developed in the instrumentation
which yielded good supply and drain flow data. While the capacitance probes
functioned properly, later analyses revealed potential inaccuracies in the

readings due to thermal distortions of the seal housing.

Zero speed flows are given for the inboard and outboard seals in Figures 3-18
and 3-19, respec* .vely. Both prodicted and measured data are given. The
total flow through the seals is approximately 0.0068 kg/s (85 scfm) at a pres-
sure drop of 1250 to 1300 kPa (181 to 189 psi). This is slightly less than
the 0.0077 kg/s (97 scfm) passed by seal set No. 1 at the same pressure.

However, seal set No. 2 he- slightly lower clearances (see Table 3-1).

The flow from the inboard seal dominates by a factor of two to one and closely
follows the predicted flow curve corresponding to radial clearances of
0.024 to 0.027 mm (0.0009 to 0.00l! in.). This represents an increase in
clearance of 0.018 mm (0.0007 in.) from ambient to test conditions due to
contraction of the runner from LNy at the inboard end. The outboard seal flow
runs along the 0.020 mm (0.0008 in.) predicted flow curve at lower pressures
and falls to 0.017 mm (0.0007 in.) at higher pressures. It shows a more
modest clearance increase of 0.007 to 0.010 mm (0.0003 to 0.0004 in.) from

ambient to test conditions.
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Figure 3-20 shows the seal surface temperatures for the zero speed test. As
in the previous test, a substantial temperature increase is registered as the
pressure drop is increased. Although of a slightly lower magnitude, 40 to
50°C (72 to 90°F), as opposed to the 65 to 85°C (117 to 153°F) in seal set
No. 1, the inboard seal again shows the higher temperature. The reason in
this case is the larger flow pagsed by the inboard seal. This may also be the

cage with seal set No. 1.

The flow curves for the inboard ceal at the different test speeds are given in
Figure 3-21. The first four runs comprise the data at 3665, 4186, 5026 rad/s
(35,000, 40,00, 48,000 r/min), and the lower pressure data at 4712 rad/s
(45,000 r/min). These runs produced the maximum flow rate of 0.0018 kg/s
(23 scfm) at a pressure drop of approximately %30 kPa (62 psi) and show the
expected trend of decreasing clearance as speed increases. Again, the magni-
tude of the decrease is more than can be explained by centrifugal growth
alene. The actual decrease between 3665 and 5026 rad/s (35,000 and
48,000 r/min) appears to be approximately 0.010 mm (0. 04 in.) while the
predicted amount is 0.0025 mm {0.0001 in.). Clearly, additional effects

(thermal growths) are taking place.

A fifth run was made at a speed cf 4712 rad/s (45,000 r/min) during which a
pressure drop of 940 kPa (136 psi) was applied to the seals. Given the
prevailing drain pressure of 544 kPa absolute (79 psia), the absolute pres-
sure slightly exceeded the design poinft of 1379 kPa absolute (200 psia). The
resulting flows are much lower and bear little correspondence with the first

four runs.

Figure 3-22 presents the inboard seal temperature variations corresponding to
the flow curves in Figure 3-21. A high temperature gradient with pressure
drop exists at low pressures that gradually decrease .. pressure increases.
However, no clear-cut trend ex sts among the first four runs at different
speeds. The high-pressure run -~ 4712 rad/s (45,000 r/min) shows quite a bit

lower temperature than the earlier run at the same speed.

Outboard seal leakage flows arw olotted in Figures 3-23, 3-24, and 2-5. Four

speeds are represented in =zach figure with two runs at different pressure
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ranges at 4712 rad/s (45,000 r/min). Figure 3-23 corresponds to an nutboard
drain pressure of 517 kPa absolute (75 psia). Figure 3-24 corresponds to a
drain pressure of 310 kPa absolute (45 psia) and Figure 2-5 to a drain pres-
sure of 103 kPa absolute (15 psia). The results here are quite different than

thogse shown for the inboard seal and yield the following observations:

1. The flows are lower than those of the inboard seal indicating smaller

clearances.

2. The flows increase only slightly with pressure. This indicates that

the clearances are closing as the supply pressure increases.

3. There is no discernable trend among flow lines at different speeds.
The loss of clearance due to centrifugal growth is most likely over-

shadowed by the flow-related temperature effects.

Qutboard seal temperature plots are given in Figures 3-25, 3-26, and 3-27
corregsponding to the data given in the flow plots. Previously =established
trends continue to prevail with higher temperatures, lower gradients at higher

pressure drops, and the lack of a definite trend as speed is increased.

Figure 3-28 is a plot of the outboard seal temperature and flow during the
first run at 41887 rad/s (40,000 r/min) at each of the three drain pressures
versus pressure drop across the seal. Figure 3-29 plots the same temperature
versus the supply pressure. Referring to Figure 3-28, the flow follows a
straight line as a function ot pressure drop acrnss the seal and appears to be
independent of drain pressure. The corresponding seal temperatures, on the
other hand, all cover about the same range of -40 Lo -25°C (-40 to -15°F) and
seem to be independent of the increased presssure drop permitted by the incre-
mented decreases in drain pressure. Figure 3-29 shows a different relation=-
ship. The flow curves appear as parallel lines as expected. The temperature
curves are much more closely grouped together and, in fact, coincide at -34°C
(~30°F) indicatiug that the outboard seal teaperatures have a stroager depend-
ency on the total seal supply pressure than the pressure drop across the
outboard seal. Thisg tends to indicate a strong thermal interaction between

the outboard seal and the inboard seai with the larger, more dominant flow.
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Figures 3-30, 3-31, and 3-32 are plots of seal film thickness versus time for
the five test runs being analyzed. As mentioned previously, evidence of
substantial thermal distortion of the seal housing was observed during the
chill-down process which appears to have caused inaccuracies in the absolute
measurement of the film thickness. This is particularly evident in the verti-
cal outboard seal curve which shows nearly three times the expected film

thickness.

3.2.3 Seal Set No. 3

Figures 3-33 and 3-34 give time history plots of supply pressure and test rig
speed, while Figure 3-35 gives an operating map. Principal data was acquired
during three runs taken over a 240-min period. Two additional starts were

made. The total cumulative running time was 236 min.

Steady-state data were taken at 3665, 4188, and 4712 rad/s (35,000, 40,000,
and 45,000 r/min). Attempts were again made to reach higher speeds but
vibrations were encountered at approximately 5026 rad/s (48,000 r/min). It

was decided to Limit operation to 4712 rad/s (45,000 r/min).

A broad range of supply pressures were achieved from 654 to 1482 kPa absolute
(95 to 215 psia). Outboard seal drain pressures were incremented at each
speed covering values of 517, 310, and 103 kPa absolute (75, 45, and 15 psia).

No zero speed data was taken with this seal set.

The steady-state tests were completed without problems and were followed by
high acceleration rate tests. After 40 fast starts and during a short
steady-state run to check operation, a rub was encountered on the outboard
seal. Figure 3-36 shows the strip chart data documenting the increase in seal
ring temperature and the subsequent shutdown. Two attempts to restart
resulted in immediate increases in temperature indicating that significant
damage had taken place during the first occurrence. The rig was then torn
down and inspected. A fair amount of contamination had entered the supply
cavity and probably initiated the rub. Subsection 3.6 provides additional

details of the inspection and an analysis of the failed parts.
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Figure 3-37 provides the inboard seal -flow data at the three test speeds;
predicted flows are superimposed. The maximum flow 1is approximately
0.0026 kg/s (33 scfm) and occurred at 3665 rad/s (35,000 r/min) at a pressure
drop of 630 “Pa (92 psi). The measured flows show a decrease with speed,
although the amount is more than expected based on centrifugal growth of the

runner.

Figure 3-38 shows the corresponding inboard seal temperatures. The data shows
a definite decrease in temperature as speed increases and presents a clear

trend unlike the corresponding plot (Figure 3-22) from seal set No. 2.

Flow data from the outboard seal at different drain pressures are shown in
Figures 3-39, 3-40, and 3-41. The flows range between 0.0008 and 0.0012 kg/s
(10 and 15 scfm) going from low to high pressure drops. Speed appears to have
no appreciable effect. The small variation witih pressure seems to indicate a

decrease in operating clearance as observed in previous tests.
The temperature plots for the outboard seal are given in Figures 3-42, 3-43,
and 3-44, As with the inboard seal, the temperatures are generally lower at

higher speeds.

3.2.4 Seal Set No. 4

This test was comparatively short due to a rub on the inboard seal. One start
was made and the cumulative test time was about 20 min. Figure 3-45 is an
operating map while Figures 3-46 and 3-47 present time history plots showing
seal supply pressures and tester speeds. The time history plots are expanded
to include about 2 hours of data prio- to and after the running portion of the

test.

The strategy for this test was somewhat different than for the fivsc three
tests because of the test rig modifications. The most important was the laby-
rinth seal. With this in place, it was hoped that the vibration problem would
be solved and ' : tester would be able to run at the full speed of 7329 rad/s

(70,000 r/min). Because of the importance of this achievement, testing at



multiple pressures at low gpeeds that had been done in previous tests was

postponed.

The test run consisted of an initial ascent to 314l rad/s (30,000 r/min)
followed by incremental increases of 524 rad/s (5,000 r/min) to about
5759 rad/s (55,000 r/min). The supply pressure was held congtant at 827 kPa
absolute (120 psia). The relatively low value was chosen to minimize the risk
of friction lock-up. The 1inboard geal drain pressure was held at
approximately 637 kPa absolute (92 psia) while the outboard seal drain pres-

sure went from 483 to 310 kPa absolute (70 to 45 psia) as the test proceeded.

Operation at 5235 and 5759 rad/s (50,000 and 55,000 r/min) showed that the
vibrations were lower than in previous tests. However, the outboard seal
clearances which were being measured using the embedded probes also revealed
low film thicknesses of approximately 0.008 mm (0.0003 in.) and a slight
vertical eccentricity reducing the distance between the seal ring and the
runner, To provide the best chance for the seal to center itself, the supply
pressure was dropped slightly to 724 kPa absolute (105 psia) prior to increas-
ing speed above 5759 rad/s (55,000 r/min). Speed was increased to 5968 rad/s
(57,000 r/min). Shortiy after, a rub occurred on the noninstrumented inboard
seal ring and the tester was tripped out. Figure 3-48 shows a strip chart of
the failure. A torque check on the unit revealed that damage had taken place

and the test was ended.

Despite the narrow span of operating conditions and the seal failure , a fair
amount of good data was recorded including a running measurement of seal film
thickness and eccentricity from the embedded capacitance probes. The film
thickness measurements were very important because they provided one of the
crucial links between the theoretical model and the actual seal performance.
Previous tests fell short in achieving the necessary accuracy in film thick-

ness measurements.

To maximize the data yielded by the test, the analysis was expanded to include
not only the actual run which essentially consisted of a very slow speed sweep
at constant supply pressure, but also a pretest and post-test period each

ccnsisting of about 2 hours. Full data scans including measurements of pres-—
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sures, flows, remperatures, and tilm thicknesses were taken during both inter-
vals. The pretest period showed the seals in the final stages of chill-down,
prior to introduciang a significant tlow of helium and the subsequent etfects
on ring temperature and clearances as the pressures were increased to the
levels applied during the run. While a high-pressure zero speed run was not
rmade, as had been done for seal sets Nos. 1 and 2, sufficient data points were
covered to establish a zero speed flow-pressure curve. This also provided a
zero gpeed datum at the run pressure to help characterize the effects of speed
on film thickness. The post-test data is a little less reveal ing because the
helium was shut off shortly after the test rig was tripped out. However,
several data points were taken before this occurred. These congisted of a
repeat of several flow-pressure points which permitted a comparison with
prerun data. The results clearly demonstrated the increase in clearance of the

inboard seal caused by the rub.

Because the test consisted essentially of one run rather than a number of
runs, as was the case in previous tests, the data is most easily reviewed and
i3 hence presented in a chronological or time history format. Specific plots
of one variable against another are presented as required to illustrate key
parametric relationships. The two independent variables a-e speed and pres-
sure. Time history plots of these were presented in Figures 3-46 and 3-47.
Because the gseal drain pressures were different than the previous tests and
the outboard drain pressure tended to vary somewhat, differential pressures
across both seal rings are plotteu along with the absolute supply pressure.

Leakage flows are plotted in Figures 3-48 and 3-49.

During the initial part of the pretest period (-100 to =60 min) the supply
pressure was held at the relatively low value of 310 kPa absolute (45 psia) to
maintain a small but positive flow through both seal rings while the tester
was undergoing final chill-down. Subsequent to this, the seal supply pressure
was increased to 827 kPa absolute (120 psia) in preparation for starting.
During the entire period, the outboard seal flow was quite a bit larger than

the inboard flow.

Figure 2-9 presents a plot of the measured pretest zero speed flows versus the

predicted flows at various clearances. Most of the data from the outboard
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seal follows the 0.0305 mm (0.0012 in.) clearance lire while that trom the
inboard seal tended toward even higher indicated clearances. Both measured
flows are higher than the corresponding data from seal gset No. 2 (see
Figures 3-18 and 3-19). A direct comparison, however, is difficult because of
the various differences between the seals and instrumentation. One of the big
differences which supportg the existing data is that seal set No. 4 had room
temperature clearances which were nearly twice those of seal set No. 2. A
difference which drives the argument in the opposite direction is the differ-

ence in boundary temperatures and their effect on the gseals and runners.

Seal get No. 4 and runners were relatively warm because of the labyrinth geal
(see Figure 2-18) which prevented LN from flowing into the inboard seal drain
cavity. Seal temperatures were in the -10 to +10°C (14 to S0°F) range. Seal
get No. 2 was much colder because in that installation the inboard end of the
runner was in direct contact with the LNy flow (see Figure 2-15). For the
same pressure range, their temperature varied between about =55 and -30°C (-67
and -22°F). Thus, because gseal set No. 2 and the runner were colder, their
increase in clearan:e from room temperature to the test condition would be

greater.

During the actual test run the outboard seal differential pressure rose
initially from approximately 350 to 450 kPa (51 to 68 psi) due to decreases in
the drain pressure. It later dropped back to about 400 kPa (58 psi) when the
supply pressure was lowered. The inboard seal pressure drop stayed constant
at 200 kPa (29 psi) until che supply was lowered when it dropped to about
90 kPa (13 psi).

Both flows dropped significantly during the run as speed increased. The
outboard seal went from about 0.0013 to 0.0005 kg/s (16 to 6 scfm). The
inboard seal went from 0.0006 kg/s (8 scfm) to zero flow which coincides with
the cccurrence of the rub and indicates a complete loss of clearance in the

seal.

While there is some variation of flow with the changes in outboard seal pres-
sure drop, and there may be some effect on both seals due to temperature

changes, the principal cause of the changing flows is the decrease in clear-
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ance as speed increased. Figure 2-7 presents a plot of tlow versus pressure

drop for the test run illustrating the ettect.

Both seal flows increased after the tester was shut down. The flow through
the outboard seal returned to v'80% ~f the level recorded prior to the run at
the same differential pressure. The flow through the inboard seal, however,
went up dramatically reaching twice the level achieved before operation. The
net increase through the inboard seal clearly reflects the increage in clear-

ance due to the material worn away during the rub.

Refocusing on the flow curves for the outboard scal in Figures 2-6 and 2-7,
another anomaly is observed. The actual measured (average) film thicknesses
are noted for many of the data pointg and are considerably smaller than the
radial clearances corregsponding to the predicted flows. The ratio of
measured-to-predicted seal clearance is approximately 0.64 with the theory

tending to overstate the clearance required to achieve a given flow. A possi-

" "

ble explanation is that the "extra" flow is bypassing the normal path and
leaking out between the axial sealing surfaces. Unfortunately, the data does

not allow a more definitive explanation.

Figure 3-50 plots the surface temperatures of both seal rings. While the
outboard seal is slightly warmer, both seals follow a parallel path with a
difference of about 7 to 8°C (13 to 14°F). Both are observed to decrease in
the early portion of the pretest period due to steadily declining temperatures
in the test rig. After the helium flow is increased (-60 min to start-up
time), the temperature incieasea and attained values slightly greater than
they had at the beginning of the pretest period. This resulted from the warm~
ing effect of the helium flow. Previous discussion: pointed out the substan-
tial differences between the temperatures of these seals and those of seal set
No. 2 (also seal setg Nos. 1l and 3) with the higher temperatures being
achieved by better isolation of the seals and runner from the cryogenic bear-

ing fluid.
Both the gradual chill-down and the subsequent warming effect can be observed

in the behavior of the outboard seal film thickness during the pretest period.

This is shown in Figure 3-51. The corresponding eccentricities are shown in
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Figure 3-52., Initially, when the seal temperature was decreasing the average
tilm thickness inereased slightly. Inversely, during the later pretest period
(=60 min and start-up) the clearance closed up again as the temperature

increased.

The change in seal clearance is directly due to the temperature change in the
seal ring and runner. If the temperature charges in both partg are the same,
the rate of change of the radial seal clearance is about 2.l x 1074 mm/°cC
(4.6 x 107% in./°F). This is based on expansion coefficients of 12.6 x
1078 m/m=°c (7.0 x  107% in./in.-°F) and 4.3 x  107® m/m-°C (2.4 x
107® in./in-°F) for Inconel 718 and P-SN carbon graphite respectively.
Ignoring the discontinuity at -50 min, the outboard seal temperature changes
about 14°C (57.2°F) during the pretest period. Assuming equal changes in the
runner temperature, the outboard seal clearance should have changed about
0.0029 mm (0.00011 in.). This compares well with the measured change which 14
v0.004 mm.

Referring again to Figures 3-48 and 3-49, both gseal temperature and clearance
decrease substantially ag speed is increased during the test run. The princi-
pal effect is the centrifugal growth of the seal runner which causes the seal
clearance to decrease accordingly. This, in turn, causes the leakage flow to

go down and, hence, the seal ring tenmperatures go down.

Figure 3-53 plots the measured average film thicknesses of the outboard seal
as a function of speed. Also plotted is the predicted film thickness based on
a zero speed film thickness equal to 0.016 mm (0.0006 in.) and a full speed
7329 rad/s (70,000 r/min) radial growth of 0.0l1 mm (0.00045 in.). Again,

the data shows very strong correlation between measured and predicted values.

While the decrease in temperature is due to the decrease in flow, the effect
1s not as easy to substantiate by calculation. However, a comparison of data
points during the test run with data points recorded during the pretest period
which srow equal flows, also reveal data points with nearly equal temper-
atures. For example, the flow through the outboard seal at 5 min after

start-up 1is about 0.001 kg/s (8 scfm). This is the same as the flow at
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40) min. The outboard gseal temperature is approzimately 57C (41°1F) at both

times.,

What does not appear, or at least is not obvious, 1s the etfect ot the temper=
ature decrease during the run on the ftilm thickness. The gimpie caleulation
contained in the previous discussions would predict an increase of approxi-
mately 0.003 mm (0.00013 in.) based on the measured temperature drop of 10°C
(18°F). However, since this change is about one third of the change due to

centrifugal growth, its etfect could be easily overlooked.

Toward the end of the test run the inboard seal temperature began Lo increaye,
showing a 4°C (7°F) change over about 1 min. This corresponds with the time
at which the seal dropped to near zero clearance and signifies the start of

the geal failure.

Immediately after the tester was shut down, ‘oth se-' temperatures and the
outboard seal film thickness returned to virtually the same values as they had
immediatelys before the run. After the helium supply was shut off at about
30 min, the tempe.-atures dropped nearly 70°C (126°F) as the seal components
were chilled by the cryogenic sgection of the test rig. This, in turn,
resulted in a 0.016 mm (0.0006 in.) increase in film thickness which is the

expected amount based on previous rates.

3.3 Dynamic Behavior During Seal Testing

While the tests were not structured to examine the dynrnamic behavior of the
sealg, 1t 1is an aspect of considerable importance. Dynamic data wzs thus
monitored, recorded, and later analyzed. Basic characteristics such as the
size of the runner orbit and whether the seal rings remain locked or tended to

whirl were disclosed.

For the first three seal tests, the instrumentation consisted of six capaci-
tance probes observing the seals and the runner. During the first test, no
data were gathered because two of the probes failed and several others were
forced out of their usable operating range. The problems were cor:ectad and,

degpite thermally induced offsets which caused bothersome errors in ctatic



pusition measurements, the second and third seal tests proved more guccesgtul
and yielded good dynamie data. The ftourth seal test also resclted in pood
dynamic i1ntormation trom the outboard seal containing the tour embedded probesg
and the two probes retained to observe the runner. No measurements were made

on the inboard seal ring.

3.3.1 Seal Set No. 2
With only a tew exceptions which will be noted, the seal rings were motionless
during steady-gtate operation. The runner orbit varied in g9ize between 0.004
and 0.010 mm (0.0001% and 0.0004 in.) vreaching the larger size at higher
speeds. The orbit consisted only of the synchronous and its harmonic frequen=

cies.

Figure 3-54 sghows one of the cuses where seal motion was detected. This
occurred at 3665 rad/s (35,000 ¢/min) when the outboard seal drain pressure
was lowered to 103 kPa absolute (15 pgia). The supply pressure was 635 kbPa
absolute (95 psia). Both seals show approximately 0.013 mm (0.0005 in.) of
straight=line motion, the inboard seal moving vertically while the outboard
seal vibrated horizontally. The seal amplitudes grew worse with supply pres-

sure and the condition shown was the highest supply pressure attempted.

While the seal probe settings seemed to checte out, the unusual nature of the
indicated motion (i.e., absolutely straight-line) casts some doubt on the

validity of the data.

Figure 3-55 shows seal and runner orbits at 4188 rad/s (40,000 r/min) with a
supply pressure of 862 kPa absolute (125 psia) and equal drain pressures of
517 kPa absolute (75 psia). This data point was taken immediately following
the one illustrated in Figure 3-52. A small amount of th=2 straight-line seal
motion remains. The seals were motionless at all other flow conditions at

this speed.
Figure 3-56 depicts the seal runner orbits during the first data point of run

No. 3. Speed was 4712 rad/s (45,000 r/min), supply pressure 938 kPa absolute

(136 psia), and drain pressure 517 kPa absolute (75 psia). Some seal motion
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is observed. At succeeding data points, the rings again locked and remained

motionless,

3.3.2 Seal Set No. 3

The rurrer from the No. 2 test was reused and resulted in similar runner
orbits. Tne seal ring motion, however, was quite different. While the
outboard gseal was motionless, the inboard seal exhibited an orbit with ampli-

tudes at times reaching 0.030 mm (0.0012 in.).

Figures 3-57, 3-58, 3-59, ard 3-60 show four data points at 3665 rad/s
(35,000 r/min). The scales in the figures are the same as those in
Figure 3-54, The first twc represent supply pressures of 655 and 1206 kPa
absolute (95 and 175 psia), respectively. Both drain pressures were 517 kPa
absolute (75 psia). The second of these shows a narrow elliptical orbit on

the inboard seal which grew in a uniform manner as the pressure was Lncreased.

Figures 3-59 and 3-60 represent the data runs where the outboard drain pres-
sure was reduced to 310 and 103 kPa absolute (45 and 15 psia), respectively,
and the supply pressure was raised to the maximum value of 1206 kPa absolute
(175 psia). In each case the inboard seal orbit progressed from small ampli-

tudes to the sizes shown as the supply pressure was increased.

Figures 3-61 and 3-62 show similar occurences at 4188 and 4712 rad/s
(40,0C0 and 45,000 r/min). In these cases, amplitudes at low supply pressure
grow From about one-half the amount shown in the photo, to full size. In these
cases the amplitudes are very large and could easily have resulted in a seal

rub. They are clearly unacceptable.

While the mecharism causing the whirl is unknown, the following summarizes its

salient aspects:

l. The whirl is synchronous although some harmonic activity is present.

It must therefore be a result of runner excitation.
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2. The seal amplitude is much larger than the runner motion indicating
an amplification and a system rescnance having to do with the seal

ring may be involved.

3. The whirl is obviously very sensitive to the surrnunding fluid condi-
ticns, e.g., supply and drain pressures and also to speed since the
amplitudes become much worse when speed increases from 3665 to
4188 rad/s (35,000 to 40,0C0 r/min).

4. The whirl did not occur on the outboard ring operating under virtual-
ly identical cenditions, nor did it occur on either of seal set No. 2
rings. This suggests that there is something unique about the seal

set No. 3 inboard ring.

5. The operating map showed that the seal operates in the high friction
region and the frictional forces (based on a frictiou coefficient of
0.20) should exceed the hydrodynamic forces and prevent the seal from
moving. There was concern that problems may develop due to the
inability of the seal rings to move. Clearly this was not the case
for the seal in question. Its actual behavior suggests that the
frictional forces are not being developed and that the seal may be
lifting off enough, at least, to resulr in the development of a
partial lubricating film under the radial sealing land to lower the

prevailing friction coefficient.

3.3.3 Seal Set No. 4

No unusual motions wa:re noted during the test. However, with the exception of
speed, the range uf operating conditions was very narrow. Supply pressure was
held constant at 827 kPa absolute (12C psia). Hence, the conditions undcr
which seal set No. 3 showed, large whirl amplitudes were not encountered.

Speeds covered the range from 3141 to 5968 rad/s (30,000 and 57,000 r/min).
Figures 3-63 through 3-67 each show displays of the runner orbit and the

embedded probe output superimposed on the same photo. Speeds range between

3665 and 5759 rad/s (35,000 and 55,000 r/min). The runner dispiay shows a
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normal orbit using vertical and horizontal probes. Over the speed cange it
indicates a modest growth from an orbital diameter of approximately 0.004 to
0.008 mm (0.0001l5 to 0.0003 in.)

The disf'~ys resulting from the embedded probes do not show seal oarbits. Each
one was generated by a pair of embedded probes. The probes are not 90° to each
other, rather, they are 180° apart. Thus, one display represents the vertical
components of the ring motion while the other shows the horizontal motion.
The arrangement is illustrated in Figure 3-68. The display format provides
several pieces of information. Measurements 'a' and 'b' represent the average
film thickness at each probe; 'c' is the arithmetic average of 'a' and 'b’,
and represents the average radial film thickness in the direction of the
probes; 'd' is half the difference between 'a' and 'b', and represents the
eccentricity in the direction of the probes. The x- and y-axes of the scope
display represent the zero gap values and the point at which the seal rubs the
runner. They are shown by the heavy white lines in the photos and are the same
ror both pairs of probes in Figures 3-63, 3-64, and 3-65. For Figures 3-66
and 3-67, the y-axis for the vertical probe display is moved to the right to
prevent the displays from overlapping. All other aspects are the same. The
position of the runner orbit on the photo is completely arbitrary and has no
bearing on the other displays. [f the ring remains rigid, a relative orbit
between seal and runner registers a straight line with a slope of -1. The

whirl amplitude in the g ven direction 1s zqual t> 'e'.

Referring again to Figures 3-63 through 3-67, it is observed that the horizon-
tal seal probe display shows as a straight line with x and y componerts which
are equal to themselves and to the horizontal diameter ot the rumnner orbit,
This indicates rhat all of the relative motion measured by the embedded protes

is actually seal runner motion and the seal ring is essentially stationary.

The vertical seal probe displays are not very straight. This is because of
harronic distortion in the horizontal component of the scope display.
Figure 3-69 shows the relative seal motion versus time for the four embedded
probes. The fourth trace shows the distortion. The distorted waveform should

be equal but out of phase with the third trace which shows the output from the
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probe installed 180° away. Note the mirror image relationship between the top

two traces representing the other opposed pair of probes.

Literally interpreted, the Fistortion indicates that the seal ring is flexing;
however, because there is no evidence of harmonic activity in the other traces

it is discounted as an inztrumentation anomaly.

Observing the nondistorted component of the vertical display, it can be seen
that the relative seal motion 1s again equ.l to the runner motion, indicating
that the ring is, in fact, stationary. The n:t result is that the outboard

geal ring stayed motionless at all test conditiuns.

3.4 Acceleration Testing

High acceleration rate tests were performed on seal set Nos. 2 and 3. Each
test consisted of starting the tester from zero speed and accelerating it to
maximum speed at an average rate of 152 m/s? (500 ft/s?). Due to the dynamic
problems, the maximum speed was set at 4188 rad/s (40,000 r/min) for seal set
No. 2 and approximately 4712 rad/s (45,000 r/min) for seal set No. 3. T'is
resulted in an accelerat:ion time of appvoximately 0.7 to 0.8 s. Supply and
drain pressures were set prior to the run. The starts were achieved by open-
ing the turbine solenoid trip valve, allowing the unit to accelerate and clos-
ing the valve using an overspeed trip signal. Figure 3-70 depicts a speed and

time curve typical of these tests.

Because each fast start was followed immediately by a shutdown, there was no
way to check steady-state operation during the run to assess any potential
damage. Therefore, after every five fast starts performed ia the manner
described, a slow start was made using manual controls. These runs allowed
the unit to run at steady-state conditions to permit a cursory performance

check.

3.4.1 Seal Set No. 2

A total of 50 fast starts were performed with average acceleration rates vary-

ing from appruximately 149 to 138 m/s? (490 to 650 fr/s”). The helium supply
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pressure was held at 931 kPa absolute (135 psia) and both inboard and cutboard

drain pressures maintained at 517 kPa absolute (75 psia).

The first 30 acceleration runs were done in groups of 5 with slow gtart stead-
y-state runs in between. The remaining 20 were performed in two groups of 10,

again with a periodic steady-state check before and after.

Table 3-2 gives the test conditions and provides steady-state performance data
between each group of acceleration runs. While the flow rates do show some
variation, there is no cbvious sign of deterioration. Also, the post-test

inspection revealed no wear or other signs of distress.

3.4.2 Seal Set No. 3

Forty acceleration runs were conducted on these seals with average rates vary-
ing between 119 and 171 m/s? (390 and 560 ft/s?). Helium supply pressures
started at 1069 kPa absolute (155 psia) on the early runs and increased to
1482 kPa absolute (215 psia) on the latter runs. Both drain pressures we:

held at 517 kPa absolute (75 psia). The acceleration runs were done in groups

cf five.

The runs proceeded in a normal fashion with no sign of problems through run
No. 48. Tzule 3-3 documents steady-state performance between groups of accel-
eration runs; no obvious deterioration was noted. A c¢-~cond slow start, run
No. 48a, was then made. The conditions were 1482 kPa (215 psia) and
4712 rad/s (45,000 r/min). About 15 s into the run, the tester was manually
tripped when its noise level lncreased abruptly. The strip charts revecled a
subsequent increasz in the outboard seal ring tempertur . gnifying a «ub (see
Figure 3-36). Two attempts to restart the tester <sulted in additional
rubbing witn attendant temperature increases. The test was terminated at that

point.

3.5 Post-Test Hardware Inspect.ons and Failure Analysis

Tables 3-1 and 3-4 summarize the condition of the seals and runners before and

after testing. The former provides key dimensional data while the latter is a
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qualitative description.

An overall evaluation of the post-test condition of the seal rings and runners
reveal that they fall into essentially one of two categories: those with

significant damage and those with no damage at all.

Three seal rings fall ianto the first group. All were damaged due to rubs
between the ring and runner. In all cases the rubs happened suddenly and
unexpectedly. Fortunately, the rubbing was very obvious in the data and
permitted quick shutdowns. In fact, in all three cases, the turbine was
tripped within 5 s of the start of the rub. While the damage was confined for
the most part to surface effects, it is obvious by the rate at which it took
place that the rubs were very destructive and had they been allowed to

progress for even 10 to 20 s, much more serious damage would have resulted.

The remaining five seal rings constitute the undamaged group. These went
through the same battery of tests as the failed seal rings. Additionally,
three rings were subjected to a fail 're of the adjacent seal ring. None of the
rings showed signs of wear or other distress on the mating surfaces with the

possible exception of some slight polishing over short arcs.

3.5.1 Seal Set No. 1

The outboard seal ring rubbed due to high runner vibration at a speed of
approximately 5759 rad/s (55,000 r/min). Removal of the end cap reveaied the
outboard seal drain cavity had a film of black soot on all surfaces. The
damaged outboard seal ring was tight on the runner due both to wear debris and
surface damage. It had to be worked locse. Figure 3-71 gives a partial view
of the seal ring showing heavy rub marks over all surfaces of the bore. Before
and after bore measurements which are shown in Table 3-1 indicate that
0.023 to 0.028 mm (0.0009 to 0.0011 in.) of carbon graphite had worn away.
This can be observed in Figure 3-71 by noting that the machined depths of the
pockets was also approximately 0.023 to 0.026 mm (0.0009 to 0.001l1 in.) and
that the lands had worn down and blended with the bottom of the pockets. The
seal ring showed no other signs of damage although a slight bit of polishing

was noted on the axial sealing land.
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The inboard seal ring was loose on the runner in its normal position, however,
was tight when it was pulled over the area damaged by the outboard seal. To
prevent additional) damage, LN9 was poured onto the runner to decrease its size
and alleviat< the bind. The inboard seal was successfully removed and is
partially shown in Figure 3-72. While there is some evidence of slight
polishing over a 1l .20° arc (shown as the darker areas in Figure 3-72),
there is no real wear. The few scratches which show in the photo most notably,
those in the axial direction, are thought to have happened during the disas-

sembly. Very slight polishing of the axial sealing land was noted.

Figure 3-73 shows the seal runner illustrating several aspects ot the damage.
First, the rubs are confined to tha middle and right-hand or outboard side of
the runner. The marks in the middle were caused by rubs with the capacitance
probes. The marks on the right side are due to the seal. They are heaviest
towards the edge. These show a continuous pattern all the way around and
corvespond with the axial breakdown land on the seal. The marks inboard of
that land correspond with the Rayleigh-step portion of the sesi. These appear
as discontinuous skip marks and indicate lighter contact in this area. The
periodicity is probably attributable to slight high spots built in during the
grinding of the runner. Numerous longitudinal heat c¢ricks are in evidence in
all rub areas. Also, several small pieces of the tungsten carhide coating
came off in the crackzd areas. The latter i3 illustrat:d by the magnified
view shown in Figure 3-74 (11.4X). The other end of the runner is free of rub

marks.

3.5.2 Seal Set No. 2

Both seal rings went through the testing with no rubbing. The post-test
disassembly showed no sign of soot or other wear debris. Both rings were
loose and easily disassembled. Except for a slight bit of polishing over a
90° band on the downstream erpe of the inboard seal ring and in spots on the
axial sealing land of both seal rings, neither ring shows evidence of having
run at all. Figure 3-75 shows a partial view of the outboard ring. Likewise,

an inspection of the runner revealed no evidence of any marks.
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3.5.3 Seal Sut No. 3
The outboard seal ring rubbed unexpectedly wiiile running at steady-state

conditions at 4712 rad/s (45,000 r/min).

Removal of the tester end cap and seals v caled that in addition to small
amounts of black soot in both the seal supply chamber and the outboard seal
drain cavity, there was geveral small pieces «f leat matarial. It was also
found that one of the two helium supply ports was partially pluggeu with the
gsame leaf material. The failure was thus attributed to the presence of the

contamination.

Both rings were removed by chi'ling the runner with LN». This was done to
prevent additional damage. The outboard seal showed substanrially less damage
than the failure of the first seal. In this case, the wear was concentrated on
the breakdown land and adjaceut bearing land on the downstream end of the
ring. Figure 3-76 sghows a typical partial view. While the upstream land
areas were not henvily worn, a number of heavy scratches were in evidence.

Figure 3-77 shr s the uindanaged inboara ring.

As with the twc previous seal sets, the axial sealing face of seal set No. 3
rings showed some evidence of slight polishing. Lilkewise, the mating land
areas ~n the seal housing showed areas of contact where minute deposits of

carbon graphite had rubbed off.

The damage to the runner was less than the tirst failure, however, it followed
a similar pattern as shown in Figure 3-78. The rub marks are heaviest in the
area of the breakdown land and less scvere under the adjacent bearing land
areas. The only other marks under the outboard seal are at extreme upstream
end and are very slight. A pattern of skip marks appear and predominantly
longitudinal heat cracks abound. Figure 3-79 shows a magnified view (11.5X)

of where several small pieces of the tungsten carbide ¢ ating came off.
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3.5.4 Seal Set No. 4

The inboard seal rubbed due to insutficient radial clearance at 5968 rad/s
(57,000 r/min). The vutboard drain cavity was clean and the outboard seal was
loose on the runner and easily taken out. The inboard ring was tight to the

runner and had to be pulled off.

The damaged inboard ring 1s shown in Figure 3-80. In addition to signs of
moderate rubbing across most of the width of the seal and all the way around
its circumference, a single radial crack extended through a cross section of
the ring. This can be seen in the photo between the teed groove and the end ot

the adjacent pocket.

The outboard seal ring which has the embedded capacitance probes is shown in

Figure 2-24. It is completely undamaged and shows no sign of having rubted.

A photo of the vunner is shown in Figure 3-81. Heavy rub marks appear in the
areas undet the pressure breakdown land and the adiacent bearing land. Next
to the latter there is some evidence of the "skip marks'" noted on the other
runners and narrow streak~like rub marks under the other bearing land. The
entire area under the seal ring shows evidence of polishing. The middle and

other end of the runner show no marks at all.

3.6 Discussion Of The Results

The testing addressed a number of important aspects of the design of the 50-mm

Rayleigh-step helium buffer seal. These include:

* Steady-state operation
* Fast-start capability
* Seal life
* Leakage rates
* Parametric effects
~ Seal flow path
- Environmental interaction

- Supply pressure
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- Shaft speed
~ Seal clearance
- Seal temperature
* Dynamic performance of the seal rings

* Material considerations.

3.6.1 Steady-State Operation

The seals proved themselves capable of operating over a wide range of supply
pressures and gpeeds. Supply pressures of up to 1482 kPa abgolute (215 psia)
were applied to three of the four test seal sets at variovus shaft speeds with
very satisfactory operation resulting. Testing at maximum pressure included
slow ascents from low to high speeds with maximum pressure applied and appli-
cation of increasing pressures up to the maximum value at various constant
speeds. The only indication of a problem which may have been connected with
high supply pressures, occurred during the testing of seal set No. 3 when the
inboard seal ring developed a sizable arbit that appeared to get larger as

spressure was increased.

Despite the whirl, the seal ring ran satisfacrorily at 1482 kPa absolute
(215 psia) at the maximum allowable tester speed. The dynamic consideration
of this instance 1s discussed in Subsection 3.4.2. A great deal of running

was also done at fairly low supply pressures with no evidence of problems.

Satisfactory seal operation was achieved up tn gpeeds of 5759 rad/s
(55,000 r/min). Operation at higher speeds wac precluded because of the
dynamics problem in the tester which resulteu in large whirl orhits at the
seal runner. The whirl which had an egtimated double amplitude of 0.038 to
0.051 mm (0.0015 to 0.002 in.) occurred during seal set No. l testing and
caused the failure of the outboard seal ring. Seal set Nos. 2 and 3 were
arbitrarily limited to lower speeds to avoid repeating the failure. 3ral ser
No. 4 inboard also failed at about the same speed as seal set No. l; however,
its problem occurred for a different reason and under different circumstances.
The failure was duc co a total loss of clearance. This wa~ well substantiated
by the data recorded and presented in Subsectior 3.3.4. The clearance loss

was due to two factors which were:
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l. Increasing centritugal growth ot the runner

2. Higher film temperature due to a higher temperature environment.

To avoid test rig problems, seal set No. 4 and the runner were not exposed to
LNy (see Subsection 3.1). There was no question that larger machined clear-
ances would have prevented the geal trom closing up and allowed operation to

continue.

In summary, degpite the tester-imposed speed limitation, all indications were
that the seals would have operated successfully at the full speed of
7329 rad/s (70,000 r/min) with up to maximum supply pressure applied. There=
fore, it is concluded that the design meets the basic speed pressure perfor-
mance requirements and should receive continued consideration as a viable

design.

3.6.2 Start-Up Performance

This appears to be one of the lesser demands imposed on the seals. Boath seal
sets that were subjected to the high acceleration rate tests showed no prob-
lems during or immediately after any of the fast starts.. This is not unex-
pected given the conditions which apply during a start-up. Helium supply
pressure is applied to the seals prior to rotation. During the testing, this
included various pressures up to a maximum of 1482 kPa absolute (215 psia).
In actual turbopump operation the full design pressure is applied. The pres-
sure seats the seal rinps and establishes flow, although the rings are proba-
bly not concentric with the runner. During the initial start, rubbing will
occur if the seal 1s in contact with the runner. As the spe:d increases, a
hydrodynamic film develops which results in forces tending to center the seal.
These forces increase as speed goes up until they are sufficient to overcome
the frictional forces, at which point the seal ring moves to a concentric
position and the rubbing stops. The required acceleration rates resulted in
start-up times of approximately 0.77 s from 0 to 4712 rad/s (0 to
45,000 r/min), the maximum rest speed, and 1.20 s for acceleration to
7329 rad/s (70,000 r/min). Therefore, the time dur.ng which rubbing would
occur is very short. Moreover, because it occurs during the initial part of

the run, the speeds are lower. This results in less heat and lower temper-
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atures ar the rubbing surtaces. All ot these tactors combine ro actually

favor the high acceleration rate starts.

While no operational problems resulted trom the tast starts, neither was there
a buildup of significant wear on the seal rings. Seal set No. 2 underwent 50
tast starts while seal set No. 3 was subjected to 40 starts. Excluding rthe
No. 3 outboard seal which failed due to contamination, the post=-test
inspection (see Subsection 3.6.3) found very little wear on the seal rings.
In fact, the only real evidence of wear were several short arcs in the bore
area which gshowed gsome polishing. This ig slightly evident on the leftt gide
of the photo showing seal set No. 3 ring (Figure 3-77). The tests show that
the geal design 1is capable of undergoing multiple high acceleration rate
starts without damage or significant wear.

3.6.3 Seal Life

a ]

This readdresses the topics of sceady-state operation and fast start capabili-
li

ty but from a slightly different viewpoint. Evaluating geal fe potential

based on the tagts that were conducted is a matter of:

1. Revirwing the life that was achieved in the seals
2. Evalua.ing the failures that occurred
3. Identifying any mechanisms that werc present and could have caused a

tailure.

Table 2-1 presents the cumulative test time and number of fast starts four each
of the test seals. Seal sets Nos. 2 and 3 were operated for the longest peri-
ods of time, each one achieving approximately 4 h of running. Thisg in itself
is significant because it represents about 40% of the design life. What is
more important is that the 4 h logged by each seal set is not really indic-
ative of their useful life which could have been much longer. T! .s is easy to
see for seal get No. 2. These seals went through the most exte.usive battery
of tests of the four sets including acceleration testing. At the end of
tes:zs. both the seals and the runner looked as good as before they were test-
~d. By all indications they could have been reinstalled and run for an indef-

inite period. Seal set No. 3 falls into a similar category. It also went
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rhrough a substantial schedule ot tests which alvhough not quire as long,
routinely achieved higher supply pressures than seal set No.o 2. It operated
successfully right up to the point at which the outboard seal rubbed and rtne
test was terminated, yet the inboard seal was removed and like geal set No. 2

showed almost no signs of having run.

Seal set Nos. 1 and 4 logged considerably less time than seal get Nos. 2
and 3, the former achieving about 1-1/2 h and the latter approximately 20 min.
Both tests were terminated by faiiuares ot one of the rings. However, the
rings that did not rub showed no signs of deterioration and, like seal set

No. 2, would probably have rua tor a much longer period of time.

While the three failures that did occur certainly ended the lives of both the
seals and runners involved, they need to be carefully evaluated to determine

what they really revealed about the lifte potential of the seal design.

As discussed in Subsection 3.6, all three failures share several common char-
acteristics. The major manifestation of the failures were radial rubs between
the runner and one of the seal rings. All happened very suddenly and unex-
pectedly. Despite quick shutdowns, significant damage resulted in each case.
Thus, there is no question that the seal design is very sensitive in this area

and with existing materialsg, even the briefest of rubs are to be avoided.

While damaging rubs were common to all the failures, the triggering mechanism
was different in each case. Furthermore, each of the mechanisms could have
been avoided by changes in the design or more careful control of the system in

which the seals were installed.

The failures of seal set Nos. 1 and 3 were caused by outside influences, tne
tformer being triggered by runner whirl diameters which were ewtimated to be
between 0.038 and 0.051 mm (0.001l5 and 0.002 in.) peak to peak and the latter
apparently caused by fairly substantial amounts of contamination in the seal
area. While the exact levels of vibration the seals should be capable of
handling can be argued, the levels to which seal set No. 1| was exposed were

clearly excessive. The amount of contamination was much greater than should
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have vccurred. Both problems can be avoided 1n tuture applicarisa. Seal et

No. 4 tailed because of ingutficient clearance. This 1lso 15 easily remedied,

The only other mechanisms which were ubserved to have potential for limiting
geal life involved wear in the bore of the seal due to briet rubbing during
gtart=ups and wear on the axial sealing taces of the geal rings. Both appear
to be minor problems and would not be expected vo limit geal life to less than

the 10-=h, 300-start requirement,

In summary, degpite being highly sengitive to rubs between the seal rings and
runner as are most high-gspeed radial geals, the current design appears capable

of meeting the NASA Life requirement of 10 h and 300 srarts.
3.6.4 Leakage Rates

Low helium leakage rates are a very important aspect of the seal design. The
leakage rates of the 50-mm Ravleigh-step design were found to be very low and
represent a gignificant improvement over currently used designs. Figure 2-8
provides an overview showing a maximum tlow envelope for each seal set as a
function of pressure drop. Each flow curve represents the higher of the two
geal (inboard or outboard) flows at a given operating point. All speeds and
pregsure conditions included in the testing are covered except for zero speed.
The highest fliw recorded during steady-state testing was 0.0026 kg/s
(33 scfm). Typically, the flows ranged between 0.001 and 0.002 kg/s (13 and
25 scfm). While the leakage tlows were quite low, the govecrong relationships
proved to be very complex. Thus, given the number of test conditions repres-
ented, the reader 1is cautioned not to draw any conclusions beyond simply

establishing the general range of flows.

Figure 2-9 shows a slightly more simplified overvievw. Again, the maximum flow
is given for each seal set. However, in this case, only test points at shaft
speeds of 4712 rad/s (45,000 r/min) are given. While it is not the highest
speed tested, it is the highest speed at which a wide range of supply pres-
sures were applied to each seal set. Mosi of the flows were in the 0.0010 to
0.0016 kg/s (13 to 20 scfm) range. Seal set Nos. 2 and 3 had maximum pressure
drops of 1365 and 1250 kPa (198 and 181 psi) Extrapolating to a pressure
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drop 5¥ s kPa (200 psi) results in expected flows of 0.0019 and 0.0012 kg/s
(24 ~. " gcfm). Because the radial flow clearances will go down as speed
increay.s due to centrifugal growth of the runner the extrapolated flows could
also be .egarded as consevvative estimates of the flows that would have

occurred at the full design conditions,

3.6,5 Parametric Effects

The testing uncovered a number of relationships among the various system
parameters. Some of these were very iogical and supportive of the design
analysis, while others pointed out new ingsights that need to be included or
more heavily weighted in the design. Because the gystem proved to be very
complex, primarily because of strong parametric interaction both from within
the system and with the surrounding environment, the measurements though fully
adequate to verify the main pertormance variables (supply pressure, speed,
leakage, etc.) were not sufficient to explain all aspects of the gysten: behav-
ior. With these considerations in mind, the following sections discuss the
principal system variables in terms of: 1) how they affected or were affected
by system performance, particularly leakage flow, 2) how their behavior corre-
lates with the-design analyses, and 3) what emnhasis, both experiméntal and
theoretical, should be placed on them in future designs and studies. The

discussion includes:

* Seal flow path

* Environmental interaction
* Scal pressure

* Shaft speed

* Seal clearance

* Seal temperature.

3.6.5.1 Seal Flowpath. Most of the discussions of seal flow so far have

assumed that all of the helium flow goes through the annular space between the
seal ring and the runner. This is not necessarily the case. A second flow
path exists across the radial sealing land of the ring and the mating surface
on the seal housing. If either surface is not flat or becomes distorted, a

flow area will exist and flow will take place. Likewise, if for any reason the
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ring lifts off slightly, a flow will take place. In either case, the flow
instrumentation would not have been able to distinguish between the normal
flow through the radial clearance and an axial bypass flow. Any bypass flow

would have been combined with the normal flow.

Bypass flows, if they occur, are likely to be fairly small and therefore prob-
ably do not have a large effect on overall performance. However, at condi-
tions of low flow between the seal and rurner, bypass flows may cause
substantial errors in the measurements and result in poor corre'ation with
predicted results. Future work should give consideration both to predicting

and measuring bypass flow.

3.6.5.2 Environment Interactions. The system surrounding the seal rings and

runner had a very strong effect on the leakage rates. Moreover, effects were
not the same for all of the seals even though the principal test conditions
(supply pressure, speed, etc.) may have been the same. Differences occurred
in two areas: l) between the inboard and outboard seal rings, and 2) between
seal set No. 4 and the fir'st three seal sets. Subsection 3.2 describes the
mechanical differences of both.

The principal differences between the inboard and outboard seals were the
temperatures of the seal rings and the corresponding sections of the runner.
The main effect was on the runner for the first three seal sets. The inboard
face was directly exposed to the LNy i the inboard drain cavity whereas the
outboard face was exposed to the outboard drain cavity containing only helium.
This resulted in the runner taking on the shape of a truncated cone due to a
net contraction of the inboard end. The effect on the rings was somewhat
less, Heat was conducted out of both rings through the axial sealing lands
into the adjacent housing. Because of the temperature difference across the
housing, the inboard ring was slightly colder and therefore contracted more
than the outboard ring. This was predicted by the thermal analyses and veri-
fied by measurements of the seal ring temperatures. Typical data is shown in
Figure 3-10. Measurements were not possible on the runner. The net effect of
the differences in thermal contraction between the inboard and outboard seals

(and runner) was that the inboard clearances tended to increase more than
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those on the outooard as the unit cooled down to operating temperature. This

permitted generally larger flows through the inboard sea! ring.

The physical changes between the fourth seal and the previous three are
described in Subsection 3.2. The major effect was that the labyrinth seal
prevented the draining of LN7 from the adjacent bearing from contacting the
end of the runner and the inboard side or the seal housing. This resulted in
two changes: 1) the thermal contraction of the runner was less on both ends,
and 2) the coning effect was greatly diminished., Similar effects occurred
with the seal rings. With the seal housing better isolated, its temperature
also went up resulting in less heat transferred from the seal rings and higher
ring temperatures. The overall result of the addition of the labyrinth seal
was higher and more uniform seal ring and runner temperatures, e.g., less
difference between the inboard and outboard seals and less change in radial
clearance due to tester chill-down. The latter is illustrated by comparing
the temperatures in Figure 3-10 and those in Figure 3-50. The latter accounts
for the comparatively low flows measured on seal set No. 4, despite its larger
room temperature clearances. Overall, the changes were beneficial because
they reduced the effects of the surrounding system allowing better control
over seal operating parameters. Future developmental tests should give care-
ful consideration to achieving good isolation. Tests designed to evaluate the
seal's design in a specific application, e.g. the LOX turbopump, must simulate

the environmental interaction as closely as possible.

3.6.5.3 Seal Pressure. Both supply and drain pressures were key independent

variables controlled during the testing and of obvious importance in determin-
ing helium flow rates. While various supply pressures were applied, the
inboard drain pressure was held fairly constant. Thus, for the inboard seal,
the supply pressure also determined the pressure drop. The outboard drain was
set at several different values resulting in different pressure drops and,

therefore, flow rates at the same supply pressures.

Experimentally evaluating the effects of supply pressure or pressure drop was
very difficult for the first three seal tests because the operating clearances
were not accurately known. Since substantial changes in the clearance were

known to have taken place, it was impossible to experimentally separate the
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effects of the pressure and clearance, at least for the bulk of the testing.
To provide a rational (if only first order appruach), a comparative analysis
was conducted which consisted ol computing theoretical flow-pressure curves
at different clearances and comparing them with the measured flow-pressure
curves. This automatically provided an estimate of the actual operating
clearances. The data taken during seal set test No. 4 included good measure-
ments of clearance on the outboard seal and thus a much better basis for anal-

ysis.

At low speeds most of the experimental flows from the inboard seals of seal
set Nos. 2 and 3 were found to increase in the same manner as theoretical flow
at constant clearance. For these data, the flow increased solely as a func-
tion of supply pressure. At high speeds, the flow was found to be flatter with
higher pressure points corresponding with smaller theoretical clearances than

lower pressure points.

Generally as the speed increased, the indicated theoretical clearance
decreased. While some of this was clearly due to the effect of centrifugal
growth causing the runner to incre~se in diameter, the indicated decrease was
more than was expected due to growth alone. This suggested that other effects

are also taking place. The three effects are illustrated in Figure 3-82a,

The outboard seals of set Nos. 2 and 3 showed a quite different flow behavior
as illustrated in Figure 3-82b. Generally, the flows were considerably less
than the inboard seals. This was most pronounced at low speed where the
inboard flows followed fairly high theoretical clearance lines. At constant
speeds, the outboard seal flow curve stayed flat as pressure increased indi-
cating that the clearances were decreasing. This may have been due to the
increase in total seal flow (due to increased inboard seal flow) which would
have a warming effect on the runner and thus cause a net decrease in the
already small outboard seal clearance. The second strong effect was no
discernable change of flow or indicated clearance as speed was increased. The
speed effect was almost the reverse of what occurred on the inboard seal. For
the inboard seal, the decrease in indicated clearance was much greater than
the centrifugal growth would permit; for the outboard seals there was no

decrease. Some of the effects are baffling and strong thermal interactions
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are suspected. The flow data from seal set No. 1 was excluded from the

discugsion because only total flows were measured.

During the testing of seal set No. 4 only one pressure was applied at each
speed, therefore, no experimental flow-pressure curves were generated. How-
ever, the flow decreased substantially on both seals as a function of speed,
permitting a comparison of measured clearance with indicated clearance over a
range of values. This showed that the actual clearances were considerably
less than thogse indicated by the theoretical flow relationship (see Figure
2-7). This further indicates that actual flows are greater than predicted
flows at the same clearance. Two possibilities arise to explain the discrep-
ancy: 1) the flow model needs to be modified to fully account for the condi-
tions in the seal, or 2) the difference between actual and predicted flows
occurred as a bypass flow. Unfortunately, the shortness of the test precluded
exploring the behavior to any greater extent. It is important to note that
the anomaly found with the fourth seal more than likely applies to the three

previous tests and must be considered in evaluating their behavior

Future work needs to concentrate both experimentally and analytically to
better characterize the 'pressure—-flow relationship and its interaction with
seal and runner temperatures and speeds. The strong thermal effects under-

score the recommendation of the previous section. Other items should include:

1. Measuring seal film thickness of both seal rings using embedded

probes. This is clearly the most satisfactory approach.
2. Heasuring the bypass flow. Even a rough measurement would be useful.

3. Measuring the drain flow from both seals. This would provide a check

on the overall accuracy of the flow measurements.

3.6.5.4 Shaft Speed. Shaft speea was another carefully controlled independ-

ent system variable. Speed has a major effect on the stiffness and damping
properties of the Rayleigh-step part of the seal ring and hence the ability of
the seal ring to maintain a centered position and good dynamic behavior. Its

effect on seal leakage flows, however, is entirely indirect and theoretically
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consists only of causing the runner to grow in diameter because of centrifugal

forces which cause a decrease in seal clearance and leakage flow.

The effect of decreasing clearance with increasing shaft speed was more or
less borne out during the testing. Data from seal set No. ! (combined flows)
and the inboard seals from seal sets Nos. 2 and 3 clearly showed decreases in
indicated clearances as speed increases. The outboard seals of seal set
Nos. 2 aad 3 did not show the clearance decrease which indicates the presence

of an opposite influence.

The testing of the fourth seal also showed the effect and since the outboard
seal clearance was accurately measured permitted a direct comparison with the
predicted behavior. Figure 3-53 showed the meusured decrease in clearance

matched the predicted change.

3.6.5.5 Seal Clearance. This proved to be one of the most elusive parameters

with an accurate measurement not being achieved until the fourth seal test.
Clearance 1is important both in determination of the stiffness and damping
properties of the seal rig and the leakage flow rates. ‘

Operating clearances were found to be very sensitive to several factors
including speed, environment effect, and flow effects. The second and third
are entirely thermal effects and more difficult to fully characterize. The
environmental influence from the nearby cryogenic tested section, cause the
clearances to increase by decreasing the temperature of both the seal ring and
runner. The clearance increase results from the larger expansion rate of the
runner material. The helium flow, being much warmer than either seal parts,
has the opposite effect causing the temperatures to increase and the clearance

to decrease.

Since leakage flow and seal clearance are so closely related, the discussions
of the pressure-flow characteristics given in Subsection 3.6.5.3 also provide
direct insigh.s into the clearance behavior. In summary, these arrangements
indicated that the inboard seal clearances of seal set Nos. 2 and 3 were
insensitive to pressure and flow and decreased as speed increased. The

outboard seal clearances of seal set Nos. 2 and 3 decreased as pressure
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increased and were insensitive to speed changes. Both of these effects were
actually caused by the concurrent thermal changes. The seal data of seal set
No. 4 were too limited to establish clearance sensitivity to pressure, howev-
er, did disclose that both seals showed the predicted clearance (based on

actual clearances) as speed increased.

One additional consideration worth noting is the effect of the manufactured
clearances and the initial chill-down. For seal set Nos. 2 and 3, the manu-
factured clearances of the inboard seals were smaller than the outboard seals
by v30% (see Table 3-1). However, due to initial chill-down, the inboard seal
clearances become larger than the outboard seals. This condition resulted in
the inboard flows being generally larger than those of the outboard seals.
The larger flow of the inboard seal was thus likely to have a stronger thermal
effect both on its own clearance and the clearance of the outboard seal than
the much smaller flow from the outboard seal. Along the same lines, the smal-
ler clearance of the outboard seal makes its flow more sensitive to a given
change in its clearance. Both effects tend to enhance the likelihood of the
inboard seal flow having a strong effect on both the clearance and flow of the

outboard seal.

The manufactured clearances of the No. 4 seals were larger than most of the
previous seals. Hewever, after the initial chill-down, its indicated clear-
ances dropped below those of seal set Nos., 2 and 3. This showed the dimin-
ished environmental effect resulting from the addition of the labyrinth seal,
and the better thermal isolation it caused. Because supply pressures were
held constant during the run, the tendency for the inboard seal flow to

strongly affect the outboard seal could not be established.
The arguments again underscore the need for good clearance and flow measure-
ments. Also, given the strong system interactions which effect clearance,

future efforts should incorporate an extensive thermal analyses.

3.6.5.6 Seal Temperature. The importance of both seal and runner temper-

atures in determining clearance and leakage fiows has already been estab-

lished. Runner temperatures are probably more important because of the higher
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expansion rate of Inconel. However, because the runner rotates temperature
measurements are virtually impossible and were not attempted during the
program. At best, seal ring temperatures provide only part of the desired
relationship and help to establish trends.

One effect common to all of the seals was the extremely low seal temperature
that resulted at very low helium flow rates. Temperatures of =70 to -90°C
(~94 to -130°F) were recorded. This is not unreasonable because the only
source of heat 1s that transmitted through the seal housing from the outside
air., For the first three seal sets, the rate of change of seal temperature
with supply pressure was very high at low pressures and gradually tapered off

at intermediate and high pressures.

The No. 4 seal data did not permit a parallel assessment. The temperature
data given in Figure 3-50 did show, however, that with no flow (which was the
case after the tester shut down), the seal temperatures did reach -70°C
(-94°F). However, when a small flow was present, the temperatures quickly
rose to ~10 to +10°C (14 to 50°F). (See the =100 to -60 min period on Figure
3-50.) Figure 3-82c illustrates the effects. The effects of speed on seal
temperatures were significant in most cases. Seal set Nos. 1 and 3 showed a
roughly parallel downward shift of the temperature supply pressura curves as
speed increased (see Figure 3-82d). The temperature data of seal set No. 2
did not show a clean trend. Seal set No. 4 also exhibited a temperature

decrease as speed increased.

A last observation worthy of mention 1is the effect illustrated in
Figures 3-82e and 3-82f. This was described in the latter part of
Subsection 3.2.2., Figure 3-82d shows several curves of flow and temperature
versus pressure drop across the outboard seal of seal set No. 2. The curves
represent high, medium, and low outboard drain pressures and show that while
as outboard seal flow increased steadily as the pressure drop increased, the
corresponding seal temperature curves showed major discontinuities. Figure
3-82f plots the same flow and temperature data plus the total flow from both
seals versus supply pressure. The figure also shows the temperature curves
falling much closer together. Since the inboard seal drain pressure was the

same for all the runs, its flow, and hence the total flow from both seals,
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function of gsupply pressure. Therefore, tota®l flow appeared to be a much
greater factor in determining the outboard seal temperature than was the

outboard seal flow.

3.6.6 Dynamic Performance

The dynamic performance of the seals tested proved to be very good. However,
the testing was not designed to evaluate this aspect in any particular fash-
ion, therefore, no controlled excitations were applied. Neither were the
operating conditions intentionally changed to require the seals to run in a
region where self-excited motions were predicted to take place; i.e., the low

friction region. In fact, quite the contrary, drain pressure requirements

resulted in the seals operating almost totally in the high friction region of

the operating map where dynamic motions are heavily retarded by substantial

friction forces.

Seal runner whirl orbit diameters were generally in the 0.005 to 0.008 mm
(0.0002 to 0.0003 in.) range except for some of the high speed runs where
orbit diameters reached 0.010 ‘to 0.013 mm (0.0004 to 0.0005 in). For most of
these runs, the seals remained motionless which is the predicted response
considering the operating region. It is also the preferred response since the
whirl orbits of the sizes described are small in relation to the operating

clearances generally observed.

Seal motions did arise on several occasions. The principal occurrence was
with the inboard seal of seal set No. 3. The seal ring developed an in-phase,
generally elliptical orbit. The orbit was observed at all three test speeds,
3665, 4188, and. 4712 rad/s (35,000, 40,000, and 45,000 r/min) and became larg-
er in amplitude as the supply pressure was increased. The maximum orbit diam~
eter was approximately 0.025 to 0,030 mm (0.001 to 0.0012 in.). Since the
supply pressures and shaft speed placed seal operation clearly in the high
friction region, the motions are baffling. Details of the occurrence are

provided in Subsection 3.3.2.

In summary, the tests did show that the seals were generally well behaved

dynamically, but in view of the lack of specific dynamic testing and the
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occurrence of large whirl, it is suggested that future studies give particular
attention to this area. Analytical studies should consider how a seal ring
might respond in the presence of a significant bypass flow.

3,6.7 Material Considerations

All three seal failures were due to rubs between one of the seal rings and the
runner. While each of these was precipitated by a different mechanism, the
end result was unacceptable damage to both parts. Two combinations of materi-
als were tried. The first consisted of P5=N formulation of carbon graphite by
Purebond for the seal ring against a tungsten carbide coating using a silicon
carbide binder on an Inconel 718 runner. This was used for the first three
seal tests. Two failures occurred with this combination resulting in substan-—
tial wear of both the seal ring and runner. Also, numerous surface cracks and
gome delamination of the carbide coating occurred on the runner. Very high
temperatures had been generated at the rubbing interface and were responsible
for the cracking and rapid deterioration. The second combination which was
used for the fourth seal set did not work any better. It consisted of the same
seal ring material, however the runner had an electrolized surface with
Inconel 718 again as the base material. The failed parts again showed
evidence of rapid wear and high temperatures. While nc cracks were observed
on the runner surface, the grooving and wear were no more acceptable than the

damage of the previous runners.

Given these results, it is clear that additional work needs to be done to
identify or develop material combinations that are more suitable. While good
strength properties are necessary and important, good rubbing properties at
both low and high temperatures are key. Low coefficients of friction and high
thermal diffusivity are very important. Other necessary properties need to be

identified.

Another aspect that needs to be considered is the match-up of coefficients of
expansion of the seal ring and runner materials. The base materials used in
the testing  have  substantially different rates, 10.8 pm/m-°C
(6.0 pin./in.=°F) for the  Inconel 718 runner and 4.3 um/m-°C
(2.4 pin./in.=°F) for the P5-N carbon graphite seal rings. The much higher
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rate for the runner results in a tendency for the runner tn rapidly grow into
the seal due to the heat generated during the initial stayes uvf a vub., This
would aggravate a partial rub and, because the operating clearances are very
small, would quickly result in a progression to a full rub. Material combina-
tions with closer expansion rates or in which the seal ring material has high=~
er rates than the runner material would help to alleviate the problem.
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TABLE 3-1

SEAL DIMENSION SUMMARY

Mating Surface Radial Mating Surface Radial

Seal Sst Serial Crameter Clearance Diameter Clearance

Number Number {mm) (mm) {mm) ()
Design

Dimensions: Qutboard Ring -— 50.028-50.033 ©.089-0.015 - -
Inboard Ring - 56.020-50.025 0.015-0.011 —-——- —-—~-
Runner -- 50.002-50.010 -——= -—- —-——-

1 Outboard Ring 108302 50.0235-50.033 G.013-0.017 50.079-50.086 0.0z5-0.Ca7
Inboard Ring 108306 50.020-50.024 G.008-0.012 -——- ~—-
Runner 078303 -——- -—— -—- -
Otb. Sur. -- 50.¢uD~-50.004 -—- 49.992-50.028 -
Inb. Sur. -- 5C.4300-50.0604 —_— 49.935-50.002 -—-
2 Outboard Ring | 108304 50.(::29-50.033 0.009-0.012 £0.038-58.041 -—
Inboard Ring 108338 50.0323-50.025% 0.606-0.06G8 50.033-50.0335 ===
Runner 078302 —-——- —-——= —-——- -—-
Otb. Sur. - 50.¢09-53.011 -— S0.0359-50.011 ---
Inb. Sur. - 50.299-56.011 —-—- S0.089-50.011 -—-

3 Outbgoard Ring 188305 53¢ .029-50.030 0.089-0.011 £0.038B-55.089 G.C01-0.0as
Inboard Ring 108301 50.328-50.025 G.004-3.3G08 50.0830-50.033 -—-
Runner 078302 -——- -—= -——- -——
Otb. Sur. -= 590.8u8-50.011 -== 53.000-50.C25 -—
Inb. Sur. - S0.409-50.011 -—= 50.035-535.008 -—-
4 Cutboard Ring 108301 50.:129-56.033 0.016-0.018 --- ---
Inpoard Ring 108302 50.020-50.025 ¢.013-0.C16 | -—- -—-
Runner -—- -—- it -——— -——-

Otk. Sur.
In. Sur.

078304+

49.937-
48.992-49.995
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ACCELERATION RUN PERFORMANCE DATA -

TABLE 3-2

SEAL SET NO. 2

Acceleraticn Maximum Helium Supply Outboard Drain Qutboard Seal Inboard SeanIﬂ
Rate Sthwaft Speed Pressure (P12} Pressure (P2} Filow Flow
Run No. | H - High/L - Low {rad/ss) {(xPa, Abs.| (kPa, Abs.)} {kg/s x 10%) {kg’s x 10%)
1-5 H 4,188 931 517 - -
6 L 8.1 9.1
7-11 H - -
12 [ 8.8 7.8
13-17 H - -
18 [ 8.9 7.4
19-23 H - -
24 L g.2 6.3
25-29 H - -
30 L 9.3 6.2
3Cas* L 6.7 17.2
31-35 H - -
36 L €.5 15.4
37-46 H - -
47 & 7.6 1.7
48-57 H - -
58 L ¥ Y Y 8.8 8.8

*Run 30a was a repeat of Run

30, after a brief shutdow:

to change chart pager.
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TABLE 3-3

ACCELERATION RUN PERFORMANCE DATA - SEAL SET NO. 3

Acceleration Ma x imum Helium Supply Outboard Drain Ov-tboard Seal Inboard Seal
Rate Shaft Speed Pressure (P12) Pressure (P2) Flouw Flow :
Run No. H - High/L - Low (rada/s) (kPa, Abs.) (kPa, Abs.) (kg/s x 104) {kg/s x 10%)
1-5 H 4,712 1,069 517 - -
6 L 10.4 1.5
7-1 H ‘ - -
12 L 9.6 13.1
- 1,206 10.8 14.1
13-17 H - -
18 L 9.6 17.3
18-23 H - -
24 L 9.2 25.6
- 1,344 9.2 27.9
25-29 H - -
30 L 8.8 28.3
31-35 H - -
36 L 8.8 27.5
- 1,482 9.8 31.2
37-41 H - -
42 L 8.8 31.1
43-47 H - -
48 L 8.9 31.3
48a%* L Y \j - -

*Run 48a was a repeat of Run

48, after a brief shutdown to change reels of magnetic tape.
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TABLE 3-4

SEAL INSPECTION SUMMARY

Seal Set Outboard Ring Inboard Ring Runner Pre-Test
Number S/N S/N S/N Material Condition Post-Test Condition

1 108302 108306 078303 All new parts. Both seal rings intact. Outboard
Inconel 718 with ring had moderate surface wear.
tungsten carbide Inboard had no wear. Runner had
coating. numerous heat cracks and some

delamination of coating.

2 108304 108308 678302 All new parts. No wear on seal rings nor runner.
Inconel 71B with very slight deposit of carbon
tungsten carbide graphite on axial seal lands of
coating. seal housing. .

3 108305 108301 078302 New seal rings; Seal rings intact. JCutboard ring
Inconel 718 with runner from pre- had moderate wear while inboard
tungsten carbide vious test:; no ring showed none. Heat cracks
coating. evidence of wear. and some delaminaticn on runner.

4 108301 108302 078304 (MTI) All new parts. Outboard ring intact. Inboard

Integral Inconel 718 with ring had radiail crack and showed
Probes electrolized moderate wear. Runner surface

surface.

galled and arn.
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Fig. 3-63
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Fig. 3-71

Damaged Seal; Outboard Ring - Seal Set No. |

Fig. 3-72

Undamaged Seal; Inboard Ring - Seal Set No. !
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Fig. 3-73 Damaged Runner; Inboard Left, Outboard Right -
Seal Set No. 1

Fig. 3-74 Magnified View (X1l1.4) of Damaged Runner -
Seal Set No. 1
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Fig. 3-78 Damaged Nc. 2 Runner; Inboard Left, Outboard
Right - Seal Set No. 3

Fig. 3-79 Magnified View (X11.5) of Damaged No. 2 Runner
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Fig. 3-81

3J-80 Damaged Seal; Inboard Ring - Seal Set No. 4

Damaged Nc. 3 Runner; Inboard Left, Outboard Right -
Seal Set No. 4
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4.0 ANALYSIS AND DESIGN OF RAYLEIGH-STEP, HELIUM BUFFER SEALS

4.1 Operating Condi:ions

The principles of operation and general geometry were presented in Section
2.0, Additional details concerning performance and theoretical development

are included in References [2], [6], and [7].

Refer to Table 1-1 for the geometric and operational parameters. The surface
speed of 183 m/s (600 fps) and the buffer fluid pressure of 1379 kPa (200 psia)

are two condicions that extend the state of the art.

The properties of helium as a function of pressure and temperature are indi-
cated on Table 4-1*%. The analysis used the helium viscosity and density at
37.8°Cc (100°F) and at pressures of 1379, 689, and 344 kPa (200, 100, and 50
psia), with ambient (101 kPa/14.7 psia) downstream pressures. As indicated on
Table 4-1, helium gas viscosity varies only %6% from the value of 37.8°C
(100°F) and is independent of pressure. Also the density varies only $10%

from the value of 37.8°C (100°F) and is proportional to pressure.

4.2 Design Considerations

When designing hydrodynamic gas-lubricated floating-ring seals, there are
several important consgiderations. Firsct, the hydrodynamic forces that are
generated when the rings go eccentric with the shaft must be sufficient to
overcome the friction forces between the rings and the stationary walls. This

is necessary to maintain the rings concentric with the shaft.

To minimize leakage, the operating film thicknesses must be relatively small.
Small film thicknesses are also necessary to provide high fluid-film stiffness

which is desirable for causing the rings to follow shaft excursions.

-

*Tables are presented consecutively, beginning on page 4-17.



The clearances involved are generally gmaller than centrifugal growth and
thermal variations in clearance. Theretore, it is important to account for

both centrifugal growth and thermal distortions in designing the seal.

Finally, the seal rings must respond to shaft excursions and runouts without
contact between the shaft and th~ rings. This requires that dynamic analyses

be conducted and dynamic responsge be carefully investigated.
The analytical process that was used ‘n designing the seals was to:

1. Optimize the Rayleigh-step geometry principally on the basis of

fluid-film stiffness using steady-state fluid-film gas bearing theo-

ry.

2. Include the efforts of zentrifugal and thermal variations in shaft
and ring geometries in establishing predicted performance. These
effects change the operating film thickness which 1s a sensitive

parameter with respect to performance.

3. Conduct dynamic response analyses to ensure that the rings follow

shaft excursions without contact.

A congtraint imposed upon the design of these type seals is to keep the axial
length as small as possible to minimize shaft length and not compromise rotor-
dynamics of the shatt bearing system. In considering both the 50- and 20-mm
seals, 1t was necessary to maintain the axial length of each ring within
approximately 12.7 =~n (8.5 in.). This was considered practical number for

incorporation into actual pump m/ _hinery.

4.3 Analysis and Design of the 50-mm Floating-Ring Helium Purge Seal

4.3.1 Rayleigh Step Optimizat. . Studies

Initially, studies wer~ made toc determine the optimum Rayleigh-step geometry.

The parametcr optimized was the fluid-film stiffness, which is most important



to prevent .shaft/ring contact. Figure 4~1* ghows dimensionless stiffness as a
function of the step clearance/land clearance ratio. The step clearance
includes the step height plus the film thickness above the step. The curve
indicates that the step clearance should be 2.65 x the land clearance. The
seal was designed for an operating land film thickness of 0.0127 mm (0.N005
in.), so the step height should have a nominal value of 0.0210 mm. The stiff-
ness values are fairly symmetrical about the optimum point so that the toler-
ance range could be on either side of the optimum value. The actual step
height selected was 0.0229 to 0.0254 mm (0.0009 to 0.00l1 in.). to allow for
variationsg in actual operating clearances. These step dimensions provide good

stiffness over a wide clearance range.

Figure 4-2 ghows the effects of the axial length ratio which is the step
length/pad length ratio = L1/L, as a function of dimensionless stiffness.
This parameter is quite insensitive, although the optimum length ratio is
0.66.

Figure 4-3 shows the effect of the circumferential length of the Rayleigh
step. Over the range shown, it is an insensitive parameter, but the optimum
ratio of step length/pad-length ig 0.82, which indicates that long steps are

desirable.

The step dimensions were optimized for concentric bearing stiffness. The
dimensionless length, width, a«nd depth of the step have the following optimum

values:

* Depth of step, step clearance/land clearance = 2.65

* Axial extent of step, Lgtep/Lpad = 0.06

/6
P

* Circumferential extent of step, O = 0.82

jtep ad

Studies were al3o made varying the total numbers of pads. Increasing the
number of pads from 4 to 5 (while maintaining the same ratio of groove width to

circumferential pad ext2nt and the same step geometry) decreased the centered

*Figures are presented consecutively, beginning on page 4-22.



stiffness by only 1%, indicating that four pads yield fairly optimum fluid
film performance. The four-pad geometry was selected. Figures 2-1 and 2-2

indicate the nominal dimensions used.

4.3.2 General Configuration and Design

Figure 4-4 indicates a developed view of the inner surface, including the
hydrodynamic geometry and also shows the end wall contact surface region in
larger scale. The contact surface was maintained as small as practical (0.762
mm) (0.030 in.) and as close to the shaft as possible to reduce the maximum

thrust loading on the seal rings.

Figure 4-5 shows the installation of the rings in the seal tester. What is to
be particularly noted is the diameter of the seal runner which is considerably
larger than tne shaft diameter used in the experimental rig. The shaft size
is approximately 30 mm (l.18 in.) in diameter while the runner size 1is
required to be 50 mm (1.97 in.) in diameter. Examination of this figure indi-
cates that centrifugal growth of the seal runner will be significant. 'The
seal runner cbnfiguration was designed to provide equal distribution ot the

centrifugal growth without causing closure at the ends of the runner.

Figure 4-6 indicates what centrifugal growths will do to the runner at the
maximum operating speed of 7330 rad/s (70,000 r/min). It will expand radial-
ly, approximately 11.43 um, with slight variations at the end (1.88 um). The
end closures are inconsequential and confirm the advantage of the taper, T,
configuration employed. The total radial expansion, however, 1s of the same
order of magnitude as the film thickness, thus manufacturing and installation
dimensions must be large enough to accommodate the runner growth or clearance
closure. The runner was shrunk over a flexure which could compensate for

increase in the inside diameter cf the runner due to centrifugal expansion.
The dimensions of shaft and ring indicated on Figure 4-5 were selected to

provide near optimum clearance at the operating condition considering the

effects of both thermal contraction and centrifugal growth, respectively.

4-4



The seal rings were made entirely of carbon (i.e., no metallic bands) to
enhance dynamic response characteristics (Pure Carbon P5N). The runner was
made of Inconel 718 for strength purposes and coated with a layer of tungsten

carbide with a chromium binder. The ring mating housings were Inconel 600.

The final geal detail drawings were completed by the gseal manufacturer, Stein
Seal Company of Philadelphia, Pa. Figure 4-7 shows the assembly drawing of
the seal and housings. Figure 4-8 shows a detail drawing of the outboard seal
ring. A photograph of one set of seal rings was previously shown on Figure
2-3,

4.3.3 Fluid~Film Performance

Fluid-film performance was 1initially established using a nominal radial
clearance of 12.7 Um and correcting for centrifugal growth of the shaft
sleeve. Subsequently, larger clearances were examined to allow for variations
in clearance due to tolerances and to thermal contractions of the sleeve.
Figure 4-9 ghows the variation in concentric seal clearance due to centrifugal
expansion of the sleeve as a function of shaft speed, presuming a 12.7 um
operating clearance at the maximum speed (7330 rad/s) (70,000 r/min) condi-
tion, The assembled radial clearance is approximately 29 Um to attain a 12.7
Um clearance at operating speed. This assembled clearance does not account
for thermal contractions. It was subsequently found that the installed clear-
ance should be as small as possible, to achieve an operating clearance of
approximately 12.7 Um, because thermal contractions of the runner had a stron-

ger influence than centrifugal growth.

Figure 4-10 shows the fluid-film force developed in a seal ring versus eccen-
tricity ratio at three different helium pressure levels, 344, 689, and 1379
kPa (50, 100, and 200 psia). Superimposed on these curves, are frictional
resistance forces between the floating rings and the stationary housing. The
radial clearar was 12.7 um. The results indicate that maximum frictienal
resistance can be overcome by hydrodynamic forces at high-speed operation. It
algo indicates that at 1379 kPa (200 psia) buffer pressure, low-speed hydrody-

neaic forces will not overcome frictional resistance. At maximum speed of
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7330 rad/s (70,000 r/min) and maximum buffer pressure of 1379 kPa (200 psia),
an eccentricity ratio of approximately 0.65 is necessary to overcome the maxi-
mum frictional registance of approximately 42.3 N (9.5 lb). Table 4-2 ghows
the effects of radial clearance on the gseal's ability to overcome frictional

resistance.

The tabulated values of eccentricity ratio and minimum film thickness are
necessary to produce sufficient hydrodynamic forces to overcome the maximum
friction forces at each of the buffer fluid pressureg indicated. The results
clearly indicate the superior performance at the low clearance condition of
12.7 um. At the high buffer fluid pressures, the low clearance installation
produces the higher minimum film thickness. At a 25.4 um radial clearance,
the seal would not adequately overcome frictional resigstance at a buffer pres-
sure of 1379 kPa (200 psia).

Viscous power loss for a single ring as a function of speed and pressure is
indicated on Figure 4-11. At maximum speed and pressure the total power loss
is approximately 85 W.

Seal leakage, on the basis of laminar flow without inertia drop losses, is
shown on Figure 4-12. A reduction in leakage with speed occurs because the
centrifugal runner growth causes closure of the clearance as the speed
increases. At 7330 rad/s (70,000 r/min) with an operating clearance of 12.7
um, the seal leakage (single ring) is 0.908 x 1073 kg/s (11.5 scfm). The
leakage values on Figure 4-12 assume concentric operating clearance (i.e., the
rings are centered with respect to the shaft). The leakage increases approxi-

mately 407% from concentric to full eccentric operation.

Testing indicated that seal leakage was lower than predicced. Modificat.ons
wece made to the analysis to includ 1inertia effec . at the seal dam inlet and
in the film itself. The analysis to accomplish this is described in Appendix

A. Correlation between experiment and theory was then significantly improved.

Figure 4-13 shows fluid temperature rise as a function of speed and pressure.
These curves assume all heat generated by viscous friction is absorbed by the

flow leaking through the clearance annulus; heat transferred to the shaft is



not accounted for. Therefore, the temperature riscs indicated on Figure 4-13
are exaggerated. Since flow increases with buffer pressure, the temperature
rise i3 an inverse function of buffer pressure and will be lower as the pres-
sure increases. The results indicate that high-speed, low-pressure operation
i3 to be avoided. Table 4-3 indicates maximum operating speed as a function
of buffer pressure to limit the temperature rise to 22°C (39.6°F), which can
be considered a maximum safe value. The values of flow used in the temper-
ature rise computations were based on vigcous laminar theory without inertia.
When 1inertia effects are included, there is a flow reduction which would
result in a proportional increase in temperature rigse. This increase in
temperature rise was one of the contributing factors to clearance closure that

was experienced by the inboard ring of seal No. 4.

4.3.4 Thermal Analysis

The model for the thermal analysis is shown on Figure 4-14. The four signif-
icant modes are 6 and 7 for the two rings and 9 and 10 for the runner. Rela-
tively hot helium enters the gpace between the two rings and flows inboard and
outboard through the annular clearance between the rings end rotating collar.
On the inboard side near node 9, the collar is cooled by the LOX escaping from
the bearing, while on the outboard side near node 10, helium at much higher
temperature escapes. The analysis considered 0.0018 kg/s (22.74 scfm) of
helium entered the buffer chamber at an inlet temperature of 21°C (69.8°F) and
that approximately 90 W of heat was generated at the fluid-film interface.
Studies were made tou establish the sensitivity of varying parameters. Table

4-4 lists the cases that were run on the computer and the results obtained.

The table indicates that the resulting temperatures are not very sensitive to

the values of the heat transfer coefficlients used.

Seal operating film thicknesses have been calculated using various values of
installed clearance and accounting fnr centrifugal growth and thermal
effects. Recommended dimensions are indicated on Table 4-5. The following

nomenclature applies:
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Dring = ID of the seal ring

Dghaft = OD ¢’ the shaft runner

Co = Agsembled radial clearance

Co' = Radial clearance including centrifugal growth of shaft
co" = Running radial clearance including centrifugal and

thermal growth

Each set of three consecutive lines in the table corresponds to the maximum,
average, and minimum clearance of the tolerance range. These calculations ot

running clearance used the following data:

* Radial growth of shaft runner at 7330 rad/s (70,000 r/min):
11.43 um

* Mean coefficient of thermal expansion of carbon graphite:
5.58 x 107%/°c (3.1 x 107%/°F)

* Mean coefficient of thermal expansion of Inconel 718:
12.78 x 107%/°c (7.1 x 107%/°F) at 21°C (69.8°F)
10.62 x 1078/°c (5.9 x 107%/°F) at -196°c (-320.8°F)

The difference in operating clearances on Table 4-5 are due to differences in
nominal ring and shaft dimensions. The middle line corresponds to nominal
size with tolerance variation indicated above and below. Table 4-5 also indi-
cates recommended final dimensions to account for both centrifugal and thermal

growths.

The results clearly indicate that the assembly clearance be 5 to 8 um (as
small as possible tor assembly without requiring an interference fit). That
is, the dimension of the ring ID should be 50.02022/50.0253 mm (1.9693/1.9695
in.), while that of the shaft runner OD should be 50.00598/50.01006 mm
(1.9693/1.9689 ir.7. The running seal clearances are then reduced to 11.176
and 25.4 MUm on the air and LOX sides, respectively. In the final design, it
was necessary to compromise further for manufacturing purposes. The outboard
gseal ring was degigned for higher clearance than the inboard seal ring, since
thermal effects would cause increased clearance on the inboard ring. The

final clearances employed are discussed in Section 2.0.
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4.3.5 Seal Ring Dynamic Response

Because of high surtace speeds and low operating tilm thickness, it was impor-
tant to investigate dynamic response and to design a system that avoids
rubbing contact. A time-transient .mnalysgis was employed, whereby time isg
discretized into small increments. At each increment fluid-film and friction
forces arve. examined to determine net forces on the ring. These forces can
then be inserted into the equations of motion to establish ring motion for
that time increment. Thus, a time history of ring movement is provided as a
function of shaft excursiong. If frictional forces exceed fluid-film forces

at any instant of time, ring motion iy curtailed.

Studies indicated that for any particular eccentricity ratio, the fluid-film
force did not vary sgtrongly with angular position and using a constant value
would produce accurate results. This was done in the computer analysis, but
the congervative or the lowest values of film forces were used for each eccen-
tricity ratio. Figure 4-15 shows typical fluid-film force curves that were
applied in the program. Shown are the radial component (along the line of
centerg) and the tangential component (normal to the line of centers) as 1
function of eccentricity ratio at the 1379 kPa (200 psia), 7330 rad/s (70,000

r/min) operating condition. Note the tangential component ig small.

Force information was interpolated in the computer code, so that knowing the
shaft location produced the normal and tangential forces required. Similar

information was produced at other pressures and speeds.

A shaft orbital radius of 2.5, Um simulates anticipated test conditions.
However, much larger orbital amplitudes were also examined to establish an

adequate "factor of safety" with respect to dynamic response.

Figure 4-16 shows a typical orbital response case when the shaft runout is
7.62 um, operating at 7330 rad/s (70,000 r/min) and 1379 kPa (200 psia) buffer
fluid pressure. The starting position was with the seal ring concentric with
the shaft. The ring settles into a rectangular shaped orbit with a maximum

eccentricity ratio of 0.625. The eccentricity and orbit indicated are rela-



tive Lo the ghatt, and the clearance circle, between the outside circle and

the orbit is the clearance geen by an obgerver riding on the shatt.

Figure 4-17 shows a case at 345 kPa absolute (50 psia) butter pressure at a
shatt gpeed of 2094 rad/s (20,000 r/min). At the lower speed condition hydro-
dynamic forces and stiffness are relatively low, so that the ring can be
expected to respond rather sluggishly to shaft motions. This is demonstrated
by the case shown on Figure 4-17. In this instance, the shaft radial runout ig
0.0102 mm (0.0004 in.). The starting position was at a shaft eccentricity
ratio of 0.95. The ring moved slightly more concentric, and then maintained
its position without turther motion. The shaft is moved eccentrically within
the clearance circle at its prescribed eccentricity ratio of 0.8. Basgically,
at these conditiaons film stiffness was insufficient to center the ring and
permit it to follow shaft motions in a nearly concentric position. For this
case, the 345 kPa absolute (50 psia) .ulfer pressure will not produce high
friction forces; therefore, at hipgher pressure levels the seal ring will

continue to remain stationary.

Figures 4~18 and 4-19 show response at low gpeed and relatively high pressure
conditions so that friction forces dominate. The orbital relationship between
the shaft and ring is erratic and complex with reverse loops involved with

each cycle.

Studies were also made of composite rings where an Inconel ring was shrunk
around the outer periphery ot the carbon ring. This was done to produce more
uniform thermal distortions between the rings and shaft. The added mass of
the composite rings, however, caused contact failure due to excessive inertial
accelerations that would not permit the rings to move in unison with the
shaft. A typical case is shown on Figure 4-20. Contact occurs before an orbit
can be completed. Thus, it is important to keep the ring mass.as low as possi-
ble, and integral carbon rings without metal shrouds are necessary for

adequate dynamic response,

Table 4-6 summarizes the operating conditions and results of the dynamic
response computer runs. The variables included shaft eccentricity or runout,

operating clearance, buffer fluid pressure and speed. The orbit eccentricity



is the maximum eccentricity of the -esulting steady-state orbit of the ring.
The minimum f£ilm thickness, hy, was the minimum vulue experienced during the
orbital response. Potentisl problem areas, where minimum films are becoming
dangerously small or are negative, are underlined. The 1379 kPa (200 psia),
7330 rad/s (70,000 r/min) condition is considered acceptable; it might be a
marginal problem at very high shaft runouts, which were not anticipated to

occur. In fact, they did occur and caused failure of Seal Set No. l.

Figure 4-21 shows the effects of sarying the shaft runout. Note that at a 2094
rad/s (20,000 r/min) and 344 kPa (50 psia) buffer pressure, the eccentricity
ratio is becoming very high and is an operating condition that should be
avoided. In this instance, inertia-dominated motions of the ring are overcom—
ing the friction retardation forces and the fluid-film stiffness capacity. At
70,000 rad/s (7330 r/min) and 1379 kPa (200 psia), the limit cycle is well
controlled even with a high shaft eccentricity of 12.7 Um. An overall summary
plot is shown on Figure 4-22. It is a plot of maximum transient orbital eccen-
tricity ratin versus shaft vibration or runout orbit for varying types of
rings (solid carbon or composite carbon and metal) ac different pressure
conditions. Composite rings are sometimes used to more nearly equalize ther-
mal expansions between the rings and shaft. The operating speed is 7330 rad/s
(70,000 r/min).

Note that the composite carbon/Inconel rings have significantly less toler-
ance to shaft orbit than do the solid carbon rings. Note also that higher
pressure and consequently higher frictional forces are beneficial (at high
operating speeds) because the friction forces prevent excessive inertial
response of the rings. Thus, there are really two limiting conditions
concerned with ring design. First, the fluid-film forces shcuid be great
enough to overcome frictional resistance to ensure against contact, and
second, there should be sufficient friction to prevent inertia dominated

motion of the ring that could cause contact under high-speed conditions.

All of the dynamic discussion thus far has presumed an operating radial clear-
ance of 12.7 um. Because of the difficulty of obtaining this clearance
precisely, due to manufacturing tolerances, centrifugal, growth and thermal

contractions, studies were also made at varying clearances. The dominating



influence is the thermal effects which causes a reduction in shaft diameter
and an opening of the clearance. Thus, several computer runs were made at
25.4 um radial clearance or twice the designed clearance.

The principal result was that the rings are forced into a concentric position
without contact, and they remain fairly stationary in that position with shaft
"orbits inside the clearance volume. Operation at larger clearances is safe

from a dynamic standpoint.

4.3.6 Summary of Results and Conclusions of Analytical Studies

Performance at a design clearance of 12.7 Um is very good and can satisfy all
requirements. Also, performance will be satisfactory over the tolerance range

specified. The two limitations on performance are as follows:

1. Insufficient hydrodynamic forces to overcome friction forces - a
low-speed, high~pressure constraint
2. Insufficient friccion to counteract inertia forces - a high-speed,

low-pressure constraint.

Figure 2-4 showed an operating range map seal that accounts for all
constraints. If the pressure follows a speed squared relationship to a maxi-
mum of 1379 kPa (200 psia) at 7330 rad/s (70,000 r/min), it is expected that

seal performance will be satisfactory.

Centrifugal runner growth and thermal contractions significantly affect oper-
ating clearances and they must be considered in performing the analysis.
Centrifugal forces on the runner tend to close the clearances while thermal
contractions tend to open the clearances. Thermal effects have the stronger
influence, requiring installation clearances to be as small as practical (10.2

- 22.9 um diametral clearance).

Low mass rings are necessary to dynamically track runner excursions. The
rings should be made of carbon without composite metallic rings on the outer

circumference.
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4.4 Analysis and Design of the 20-mm Floating-Ring Helium Purge Seal

4.4.1 Geneval Configuration and Operating Conditions

The general configuration of the 20-mm helium purge seal is shown on Figure
4-23. A separate shaft would have been used for testing of the 20-mm design
and the buffer rings were .ntended to mate directly against the shaft. In
other respects, the design is very similar to the 50-mm with a porportional
size reduction. The optimization parameters were the same as tor the 50-mn

design.

The 20-mm seal was constrained in surface speed by limitetions on the maximum
operating g.ced of the test rig. The maximum design speed of the rig is 10,472
rad/s (100,000 r/min). A 20~mm shaft rotating at 10,472 rad/s (100,000 r/min)
will produce a surface speed of 105 m/s (344 ft/s) which is only 57% of the 183
m/s (600 ft/s) specified. Limitations on surface speed also limits hydrody-
namic force generation, which in tuen limits the buffer fluid pressure or
allowable friction force at the contact interface. It appears that the abso-
lute maximum pressure would be 6&Y.5 kPa (100 psia) and the allowable pressure

will further reduce as speed decreases.

another factor concerned with the 20-mm seal is centrifugal growth of the
runner will be negligible. This is due to the runner of the 20-mm seal being
integral with the shaft, and because of limitations on the maximum shaft

surface speed.

Although the 20-mm seal is significantly smaller than the 50-mm scal, the
nominal operating clearance of 0.0127 mm (0.0005 in.) remains the same,
because this was congidered to be the smallest practical value for safe opera-

tion.

4.4.2 Fluid-Film Performance

Figure 4-24 shows the fluid-film forces as a function of the eccentricity

ratio .and operating speed. The effects of buffer pressure ar. Indicated, but



variations in hydrodynamic fluid-film force due to this parameter are practi-
cally insignificant. The maximum specd examined was 10,472 rad/s (100,000
r/min), which is the limit of the test rig. Superimposed upon this curve are
the contact fric~ion forces at 689.5 kPa (100 psia) and 344.7 kPa (50 psia)
buffer fluid pressure levels. At a buffer pressure of 1379 kPa (200 psia),
there is insufficient hydrodynamic capability to overcome the contact fric-
tion force. Maximum load capacity at 10,472 rad/s (100,000 r/min) is approxi-
mately 13.34 N (3 1lb), which occurs ac an eccentricity ratio of slightly over
0.9. To provide a reasonable safety margin the maximum buffer was designed to
be 689.5 kPa (100 psia) which would require an eccentricity ratio slightly
below 0.8, or a minimum film thickness of approximately 0.0025 mm (0.1 mils)

to move the ring into a concentric position,

Figure 4-25 indicates what occurs if the buffer fluid pressure is increased as
the square of the speed, the anticipated mathod of bringing the test rig up to
speed. Two pressure-speed curves are sbown, one for a 345 kPa (50 psia) pres-
sure at 10,472 rad/¢ (100,000 r/min) and one for a 689 kPa (100 psia) pressure
at 10,472 rad/s (100,000 r/min). For the 345 kPa (50 psia) situation, the
eccentricity ratio remains safely between 0.5 and C..5. For the 689 kPa (100
psia) case, the ercentricity ratio will exceed 0.75 at approximately 6597
rad/s (63,000 r/min), and as indicated on Figure 4-25 will approach 0.8 before
it overcomes the anticipated friction force. This will probably be an accept-
able situation, because the ring moves to a concentric position after the

triction force is 3 rercome.

Figures 64-26 and 4-~27 show the effects of clearance variations on ring load
capacity. Figure 4-26 is for a constant operating speed of 10,472 rad/s
(100,000 r/min). Note the significant decrease in load capability as the
clearance is increased. At a clearance of 0.0191 mm (0.00075 in.), the maxi-
mum allowable pressure is more like 345 kPa (50 psia) rather than 689 kPa (100
psia). At a clearance of 0.0254 mm (0.70l in.), a maximum pressure of 206.8
kPa (30 psia) appears to be appropriate. Figure 4-27 indicates fluid film
load capacity as a function of speed and eccentricity at a clearance of 0.0254
mm (1 mil). This curve demonstrates that it is necessary to operate at low

pressure levels to overcame friction at high clearance conditions.



Anticipated leakage flow through one ring is shown on Figure 4-28. This curve
applies ' an eccentricity ratio of 0.5. At the helium pressure levels that
the rig will operate at 689 kPa (100 psia), the leakage is only 0.000118 kg/s
(0.00026 1b/s). At a maximum pressure level of 889.6 kPa (200 psia), the
leakage is 0.000363 kg/s (0,0008 Lb/s). If the clearance is double, the flow
will increase by a factor of 8, so that it will increase to approximately
7.000908 kg/s (0.002 1b/s) at 689 kPa (100 psia). This assumes laminar
vigcous flow., The actual flow will be less when account is taken of inertia
effects at entrance and in the film, as was done for the case of the 50-mm
seal, Leakage as a function of eccentricity ratio is shown on Figure 4-29.
From fully eccentric to fully eccentric, the leakage increases by a factor of
1.7,

Figure 4-30 shows power loss as a function of speed at an eccentricity ratio
of 0.5. The power loss is approximately 12 W at 10,472 rad/s (100,000 r/min).
Fluid temperature rise is shown on Figure 4-31. As with the 50-mm design,
this curve was bagsed on the assumption that all the heat goes into the flowing
fluid, while in reality a good deal of it will be transferred into the cool
shaft. High temperatures are predicted for the low-pressure, high-speed

conditions where there is high heat generation and low flow.

4.4.3 Dynamic :esponse

Rotor dynamic studies indicate maximum shaft amplitudes will probably be less
than 0.00254 mm (0.0001 in.).

Figure 4-32 shows the radial and tangential force magnitudes of the fluid film
obta_ned from the steady-state computer code, as a function of eccentricity

ratio. These values were interpolated for use in the dynamic computer code.

A spectrum of response computer runs were made over a range of varying pres-
sures, speeds and ring clearances. They are summarized on Table 4~7. Exam-
ination of the tahle indicates acceptable response except at high shaft
runouts, Eg, .low pressures, Py, and relatively high operating speeds and at

high runouts, low speed, and high pressures. Problem situations are under-
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lined. At high-speed, low-pressure conditions, ring inartia forces predomi-
nate over the retarding friction force so that the seal ring runs away around
vhe shaft and ultimately contacts. These are operating conditions which are

to be avoided.

Figures 4-33 and 4-34 graphically display the summary results with a shaft
runout of 0.00254 mm (0.00G1 in.). Figure 4-33 shows that the limit cycles
become larger as speed reduces and as pressure increases. This indicates a
degradation of the hydrodynamic capacity to permit low amplitude or concentric
response with the rotating shaft. Ii all cases, however, there was sufficient
capacity to prevent contact between the ring and shaft. Figure 4-34 shows a
cross~plot with pressure as the abscissa. Again the plot clearly shows the

higher amplitudes at the lower speeds and higher pressure conditions.
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TABLE 4-1

PROPERTIES OF HELIUM

Temp%rature Pressure Mass Degsity Viscosity
(°c) (kFa) (kg/m~) (MPa~-3s)
10 -1379 2.34 19.4
10 689 1.17 19.4
10 344 0.58 19.4
37.8 1379 2,13 20.7
37.8 689 1.07 20.7
37.8 344 0.53 20.7
65.6 1379 1.96 21.9
65.6 689 0.98 S 21.9
65.6 344 0.49 21.9
417
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TABLE 4-2

REQUIRED ECCENTRICITY AND FILM THICKNESS

TO OVERCOME FRICTIONAL RESISTANCE

Maximum Radial
Buffer Frictional* Clearance Eccentricity Minimum Film
Pressure Force Co Ratio Thickness hpin
(kPa) (N) (um) (e) (um)
1379 42,26 12.7 0.6 5.08
689 21.13 12.7 0.35 8.26
344 10.59 12.7 0.17 10.54
1379 42,26 19.05 0.87 2.49
689 21.13 19.05 0.60 7.62
344 10.59 19.05 0.32 12.95
1379 42.26 25.4 0.99 0.254
689 21.13 25.4 0.76 6.10
344 10.59 25.4 0.48 13,21

*Coefficient of Friction = 0.2

TABLE 4-3

MAXIMUM OPERATING SPEED FOR AT = 22°C

Buffer Pressure
(kPa)

344

689

1379

4-18

Speed

(rad/s)

5,131
6,283

7,330



TABLE 4-4

RESULTS OF 50-MM THERMAL ANALYSIS

He Inlet
Temperature Node Temperature (°C)
Case No. (°¢c) 6 7 9 10 Remarks

1 21 -9.,8 -10.3 =~4l.4 -92.,1 Base case

2 21 -9.8 -10.3 -40.4 -90.3 Recalculated
He=Fluid veloc-
ity 60% of
tunner speed.

3 21 -9.,8 -10.3 =42.6 -95.1 Same as Case 2,
but all h¢'s
doubled.

TABLE 4-5

RECOMMENDED DIMENSIONS ACCOUNTING FOR
CENTRIFUGAL GROWTH AND THERMAL CONTRACTION3

Dring Dshaft Co Tshgft Trén% Co' Co"

(um) (um) (pm) (°c) (Cc (pm)  (Um)
Air Side

50.02430 50.00498 10.16 -41.44 -9.83 -1.27 13,72

50.02276 50.00752 7.62 -41.44 -9.83 -3.81 11.20

50.02002 50.01006 5.08 -4]1 .44 -9.83 -6.35 8.66
LOX Side

50.02530 50.00498 10.16 -92.11 -10.28 -1.27 27.97
50.02276 50.00752 7.62 -92.11 -10.28 -3.81 25.45
50.02002 50.01006 5.08 -~92.11 -10.28 -6.35 22.91

4-19
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Clearance, Cg

(um)

12.7

2.54

TABLE 4-6

50-MM SEAL TRANSIENT ANALYSIS: SUMMARY OF RESULTS

Shaft
Eccentricite

(Mm)

2.54

5.08

7.62

10.16

12.7
10.16

12.7

Orbit Minimum
Pressure, Eccentriciry Film
Pg Speed, N Ratio Thickness
(kPa) (r~d/s) (e) (Hm)
1379 2094 0.63 4,7
1379 3142 0.64 4.6
1379 5236 0.26 9.4
1379 7330 0.24 9.7
689 2094 0.46 6.9
689 3142 0.28 9.1
689 5236 0.25 9.5
689 7330 0.22 9.9
344 2094 0.26 9.4
344 3142 0.24 9.7
344 5236 0.22 9.9
344 7330 0.25 9.5
172 2054 0.22 5.9
344 2094 0.49 6.5
1379 7330 0.40 1.6
1379 7330 0.63 4,7
344 7330 0.63 4,7
344 2094 0.62 4,8
689 7330 0.43 7.2
344 2094 0.85 1.9
1379 7330 0.65 4.4
1379 7330 0.66 4.3
517 7330 0.44 l.4
448 7330 0.42 1.5
344 7330 1.02 -0-
379 7330 0.43 1.4
344 2094 0.85 3.8
689 7330 0.52 1.2
1379 7330 0.60 1.0
517 7330 0.60 1.0
482 7330 0.58 1.1
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TABLE 4-7

20-MM SEAL TRANSIENT ANALYSIS: SUMMARY OF RESULTS

Weight of Ring - 0.0146 kg (0.0322 1b)
Coefficient of Friction, W = 0.2

Shaft Orbit Minimum Film
Clearance Eccentricity, Pressure, Speed, Eccentricity Thickness,
Co E, P N Ratio hy
(wm) (um) (kPa) (rad/s) () (m)
12.7 2.54 345 10,472 0.231 9.65
689 l 0.225 9.9
1379 0.259 9.4
345 7,854 0.220 9.9
689 ¢ 0.204 10.1
1379 0.350 8.26
345 5,236 0.221 9.91
689 t 0.241 9.65
1379 0.459 6.86
345 2,018 0.238 9.68
689 0.546 5.77 .
Y 1379 l 0.735 3.35
7.62 345 0.639 4.57
345 5,236 1.013 ~-0-
689 v 0.636 4,62
345 7,854 1.008 -0~
517 0.615 4.83
689 0.648 4,47
345 1.05 -0-
517 1.006 -0-
Y Y 689 0.635 4,51
19.1 2.54 1379 0.4113 11.2
Y 345 0.270 13.97
25.4 345 0.312 13.21
1379 Y 0.364 12.20
7.62 1379 10,472 0.55 8.64
5.08 1379 * 0.508 9.40
7.62 345 7,854 0.459 10.4
L 345 5,236 0.490 9.65
345 2,618 0.588 7.87
4-21
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5.0 ANALYSIS AND DESICN OF SPIRAL-CROOVE LOX SEALS

5.1 Ceneral Discussion

The spiral-groove face seal is a prime candidate for application to LOX turbo-
pumps. It is a fluid=film seal that can effectively inhibit leakage and avoid
rubbing contact that could cause catastrophic explosion failure in a LOX envi-
ronment. As described in the iantroduction, the function of the LOX seal is to
aid in preventing leakage of LOX from the pump end of the machine. Require=-

ments and operating conditions were presented in Section 1.0.

The most demanding requirements that extend the present state of the art
include the high relative surface speed of 183 m/s (600 ft/s) and the high
pressure of 5.17 MPa (750 psig) to be sealed.

Originally, MTI examined a conventional type of spiral-groove seal that was
labeled the straight-through design. The spiral grooves extended to the
outside diameter and the fluid was pumped inward to a dam region at the inte-
rior ID of the seal. Although excellent performance characteristics were
predicted, the straight-through designs were ultimately abandoned because of

the probability of vaporization in the flow path,

The pressure-balanced concept selected was conceived by NASA/LeRC and recom-
mended for the LOX turbopump application, because it obviated vaporization
problems. Additional details concerning the analysis and design are presented

in References [1] and [8].

5.2 Analytical Approach

The parametric studies necessary to optimize the seal design fall into three

categories:

l. Steady-state fluid-film performance
2. Minimizing any detrimental effects of thermoelastic distortions

3. Ensuring acceptable dynamic response to external excitations



In general, fluid=tilm geometry and performance are first optimized. Thermoe-
lastic distortions are checked to see that they do not significantly atfect
the fluid=film performance. Variations in materials and exterior geometry can
be applied to reduce distortions. Finally, dynamic response is checked and
mass and inertia properties of the seal ring varied to assure acceptable

response.

The fundamental reference for the spiral-groove analysis was the work done by
E.A. Muijdermann [9]. Laminar theory was subsequently expanded to include the
effects of turbulence and inertia at sudden contractions in a manner similar
to that described in References (6] and [10). Elastic distortions were deter=-

mined using a theory modeled upon that described in Reference [1].

The computer code was written for spiral-groove geometry optimization and
performance evaluation. The analytical procedure is summarized in Appendix A.

The final computer code could:

l. Optimize geometrical variables on the basis of stiifness, flow, or

fluid temperature rise.

2. Determine the operating film thickness as a function of sealed pres-

sure and secondary seal diameter.

3. Produce film thickness, power loss, circulating flow, leakage flow,
fluid temperature rise in spiral-grooves and seal dam, axial and
angular stiffnesses, natural frequencies, dynamic amplitude ratios,

and thermoelastic distortions and stresses.

5.3 Configuration for the 50-mm Seal

The general groove geometry is shown on Figure 2-13., Note that deep and wide
grooves are necessary to pump the highly turbulent fluid, because of its high
effective viscosity. Table 2-2 defines the principal nominal dimensions of

the pressure-balanced design.



The original MTI design layout drawing of the 50-mm pressure--alanced seal, is
shown on Figure 2-14, In the tcst rig, it will be installed in a back=to-back
configuration as shown on the bottom left corner of the drawing. This was
done to eliminate excessive thrust loading on the test rig tiirust bearing.
The outboard seal is the test seal, while the inboard seal is the thrust
balancing seal. Using the layout (Figure 2-14), the seal vendor, Stein Seal
Company of Philadelphia, Pa., produced assembly and manufacturing drawings.
There are some variations between the original layouts and the final design,
but the subsequent seal vendor drawings govern, and provide accurate informa-

tion regarding the final product.

The nonrotating member of the spiral-groove seal is made from carbon graphite

(P-5N) and contains the interior high pressure grooving and feed hol~s.

The seal rings do not have metal shrouds or interface pieces. The intent is to
maintain the mass of the seal ring members as low as possible for improved

dynamic response.

The spiral grooving is not machined into the carbon because of potential wipe=-
out from a high speed rub. The test seal assembly is indicated on Stein Seal
Company drawing, Figure 5-1%, Details of the carbon graphite face seal are
shown on Figure 5-2. There are three slots on the outer periphery that mate
with antirotation pins on the housing elements. The design incorporates
provisions for a thermocouple installation to measure the feed groove temper=-
ature. Figure 5-3 shows details of the mating ring or spiral-groove runner.
The spiral-groove lands and dam and the seal land regions were coated with
tungsten carbide containing a chrome-cobalt binder (Linde LW-15). The hase
material for the spiral-groove mating ring is Inconel 718 to insure structural
integrity when exposed to centrifugal and pressure force fields. An interest-
ing feature of the design which was prescrihed by Stein Seal Company is the
circumferential secondary seal. 1t is of split construction and held together
by a garter spring. There are two sealing surfaces; a stationary radial

surface between the secondary seal and housing and a sliding sealing surface

*Figures are presented consecutively, beginning on page 5-11.
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between the inner circumference of the secondary seal and the secondary seal
OD on the face seal element. The sliding seal is pressure balanced signif~-
icantly to prevent excessive crush and friction when high pressure is applied.
The secondary seal is made from the same carbon graphite material as the face
seal (P-5N). A wavy washer spring loads the secondary seal against the hous-

ing.

Figure 5-4 is a drawing of the secondary seal and Figure 5-5 is a photograph of
the secondary seal. On the left side of the picture, the secondary seal is
installed in its housing; on the right, the three sectors that comprise the

ma jor seal components are shown separated from one another.

5.4 Calculated Fluid-Film Performance of the 50-mm Spiral-Croove Seal

A series of computer runs were made over a range of speeds and pressure. Prin-
cipal results are tabulated on Table 5-1*, The indicator, G, stands for the
spiral-groove region and S for the sealing ridge. Cooled means the inlet to
the groove is at a constant prespecified temperature indicating sufficient
bypass flow through the seal compartment to maintain the constant inlet
temperature. On the other hand, uncooled means the inlet groove temperature
is an equilibrium temperature based upon leakage flow and viscous power gener-

ation.

Performance information was computed using a constant viscosity of 1.172 x
10”4 Pa-s which corresponds to LOX at =173°C (=279.4°F) and a fluid density of
1080 kg/m> (0.039 Lb/in.3).

Film thickness data is shown on Figure 5-6. As expected, the film thickness
reduces as the pressure goes up and as the speed goes down. The numbers indi-
cate that rapid liftoff to approximately 3000 rad/s (28,647 r/min) would be
desirable to avoid excessive rubbing of this seal. The operating film thick=
ness at 5864 rad/s (56,000 r/min) which corresponds to a rubbing speed at the
seal interface of 183 m/s (600 ft/s) is 0.024 mm (0.0009 in.). It is interest-

*Tables are presented consecutively, beginning on page 5-4].



ing to note that a straight=-through inflow design which had been initially
examined, has superior low-speed characteristics. The reason for this is that
a large pressure gradient exists across the grooves of the inflow design, and
there are pressure-induced hydrostatic forces between the spiral-grooves and
the inside seal dam region that provide a substantial lifting force at low
speed and high pressure. The straight inflow design, however, would fail

because of vaporization in the interface and was thus eliminated.

Axial stiffness is shown on Figure 5-7. The stiffness increases with pressure
and attains an optimum value at 3000 to 4000 rad/s (28,648 to 38,197 r/min),
depending upon the pressure level. As speed increases, the stiffness falls
off, probably because of the high film thickness at high speeds. Low-speed
stiffness is very poor, and again reflects the need to become fluid-borne
quickly and operate at speeds above 3000 rad/s (28,648 r/min). At an operat-
ing speed of 5864 rad/s (56,000 r/min), maximum pressure of 5.17 MPa (750
psig), the axial stiffress is 81.1 x 10% N/m (718 x 10® 1b/in.).

Circulating groove flow is shown on Figure 5-8. This is not the leakage flow,
but is the quantity of fluid that is circulated through the pumping grooves.
The circulating flow varies inversely with pressure because film thickness
increases as the pressure goes down. At a maximum speed and pressure of 5864
rad/s (56,000 r/min) and 5.17 MPa (750 psig) respectively, the circulating
flow is 2 x 107 m3/s (12.2 in.3/s). Note the poor circulation at low-speed
conditions, which reflects the poor pumping capability, low film thickness,
and generally poor operation at the lower shaft speeds. Leakage, or flow
through the sealing dam, is shown on Figure 5-9. The leakage flow is a func~-
tion of pressure differential and film thickness. Film thickness effects are
usually predominant. Note that the leakage curves cross one another. Not
only is pressure differential and film thickness affecting flow, but there are
strong effects of turbulence and inertia, especially at the higher pressure
differential. These effects cause the crossover of the flow curves. Leakage
at operating condition of 5.17 MPa (750 psig) and 5,864 rad/s (56,000 r/min)
is 2.98 x 107* m3/s (18.2 in.3/s).

Power loss curves are shown on Figure 5-10. As expected, power loss increases

with speed and pressure. For the pressure-balanced seal, power loss is quite
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substantial because of the relatively large intertace area. At the operating
speed of 5864 rad/s (56,000 r/min) and 5.17 MPa (750 psig) pressure differen~
tial, the power loss is 9.47 kW (12.7 hp).

Temperature rises of the fluid being circulated through the spiral grooves and
leaking through the sealing dam are indicated on Figures 5-l1 and 5-12,
respectively. These temperature rises assume that there is external cooling
flow entering the seal cavity, thus maintaining a constant inlet temperature.
It also presumes that all heat transfer occurs between fluids and not to the
outside ambient, Exorbitant temperature rises occur at the lower speed
(<3,000 rad/s) (28,648 r/min) conditions because of the very low flow to carry
away the heat generated. At operating conditions of 5.17 MPa (750 psig) and
5864 rad/s (56,00 r/min) the groove fluid temperature rise is approximately
21.4°Cc (38.5°F), and 2.83°C (5.1°F) through the seal land. Both of these
temperature rises are acceptable, For a noncooled inlet condition, the equi~
librium temperatures become much higher. These have been calculated. The
results are a 35.6°C (64.1°F) rise through the spiral-grooves and a 17.2°C
(31°F) rise through the seal land. In addition, the equilibrium groo e
temperature increases from =118°C to =104°C (~180°F to =155°F).

5.5 Dynamic Analysis of the 50-mm Spiral-Croove Seal

Initially, three types of dynamic analyses were considered. The analyses
started from a simplified approach and thea pgraduated toward real-time
response analyses including Coulomb friction in the secondary seal. In each
analysis, the fluid film was approximated by fluid-film stiffnesses obtained
from the spiral-groove fluid=-film analysis. Cross-coupling between axial and
angular stiffness was neglected and only principal angular stiffnesses
applied. Cross-coupling only occurs in the seal land regions and not in the
spiral-groove region. Since the spiral-groove interface is dominant, cross=-
coupling can be safely neglected. In the an .yses considered, the angular
stiffness was computed on the basis of the computed axial stiffness at the
operating condition (i.e., assuming an infinite niaber of axial springs). The

relationship between axial and angular stiffness is as follows:

Ka s
KQ-—Z-R

2 (5.1)
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where!

K@ = angular stiffness
Ka = axial stiffness

R = mean seal radius

Fluid film damping was neglected,

Comparative results of the simplified and comprehensive dynamic studies indi=
cated that the differences were not signiticant, Therefore, the simplified

methods were applied to facilitate parametric evaluations.

The analytical model for the simplitied approach considered two circular flat
plates separated by linear springs. Fluid-film damping and secondary seal
ring friction were neglected. Axial stiffness of the springs was obtained
from the fluid=film analysis (see Figure 5-7) and angular stiffness obtained
from Equation 5.1. One plate was vibrated in the axial and angular modes. The
results could be put into a general format for both axial and angular

vibrations as follows!

BB @ gumm—y (5.2)
a 1l - w
where!

Ah = change in clearance
a = vibration amplitude

w = ratio of operating frequency/natural frequency.

The quantity Ah/a, defined as the amplitude ratio, can be interpreted as the
clearance closure at the outer radius divided by one-half of the TIR runout of
the mating ring for anguler vibrations. For axial vibrations it is the
cyclical clearance closure div.ded by one-half of the total supplied ampli-
tude. The angular amplitude ratio as a function of speed and pressure is
indicated on Figure 5-13, The misalignment angle was 0.75 m rad, vhich gives
a peak-to-peak amplitude at the OD of the seal portion of tne mating ring of
0.0381 mm (0,0015 in.).
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Except tor low=pressure, high-~speed conditions, the resulting amplitude
ratios indicate very good dynamic response with less than 20X of the available
clearance consumed by rvsponse lag of the seal ring. The high stiffness at
relatively large clearances (due to turbulence) contribute to the good overall
performance. The reason for the poor performance at the low pressure,
high-speed operation is due to very high operating clearances with consequent
poor stiffness. The seal should not be run at low-speed, high-pressure condi~
tions, because of the poor start-up characteristics previously mentioned.

5.6 Elastic and Thermal Distortions of the 50-mm Spiral-Groove Seal

Combined elastic and thermal distortions of the pressure-balanced design are
shown on Figure 5-14, In computing the thermal effects, it was assumed that a
percentage (approximately 50%) of the fluid temperature rise previously
computed by heat balance, penetrated the seal ring thickness as indicated on
the figure, The thermal penetrations were taken to be rectangular to a depth
of approximately 3.3 mm (0.13 in.). This temperature distribution would
produce greater distortions than actually experienced. A 45-N (10.1-1b)
spring force was assumed to be acting on the scal ring in the position shown,
Also, the secondary seal is approximately 15,75 mm (0.6l in.) ftrom the seal
face. The distorted position of the seal ring indicates that it has moved
radially approximately 0.026 mm (0.001 in.) and the face has tilted in a
converging direction approximately 160 urad. This tilt translates into a
variation in film thickness across the seal face of only 3.2 x 1074 mm (0,126 x
10°% in.) which is insignificant., Since the length beyond the secondary seal
is not exposed to the high pressure, it will not move in as far radi~ly as the
length on the inboard side of the secondary seal that is exposed to the high
pressure. The net effect is the bend in the seal ring indicated by the dashed
line in Figure 5-14, At its very end, this distortion is approximately
0.015 mm (0.0006 in.). The slope of this bend must be taken into account when
designing the secondary seal. The net result indicates that the distortions
are not excessive and will not have a serious effect on performance of the

seal.
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5.7 Design of the 20-mm Spiral-Groove Seal

Results of computerized analysis over a speed=-pressure range are indicated on
Table 5-2 and on Figures 5-15 through 5-26. Results are similar to the 50-mm

Aesign so that only pertinent comments are summarized below:

* Film thickness (as shown on Figure 5-15) varies inversely with pressure
as expected. At maximum pressure the speed should be above 3665 rad/s
(35,000 r/min) to operate safely, As with the 50-mm design, low-speed

performance is very poor,

* Axial stiffnesc is shown on Figure 516, Low-speed stiffness is poor.
At maximum speed and pressure, the stiffness is 48.5 x 10° N/m (277,000
Ib/in,)

* Leakage flow is indicated on Figure 5-17. At maximum speed and pres-
sure, the leakage is 1.9 x 10°% m/s (11.6 in.3/s).

* Circulating groove f{low 18 shown on Figure 5-18. At maximum condi~
tions, the flow is 1.38 x 10™% m/s (8.4 in.3/s). The maximum circulat-
ing flow occurs at low-pressure, high-speed conditions, because of the
high film thickness at this condition, The maximum flow 1s 1.56 x 1074
m/s (9.5 in.3/s).

* Power loss is indicated on Figure 5-19. Maximum power is dissipated at

maximum pressure and speed and is equa’ to 7.084 «W (9.5 hp).

* The temperature rise in the seal land is shown on Figure 5-20. The
20-mm seal was only analyzed at the cooled inlet condition since that
15 the anticipated operation. The maximum temperature rise through the
seal ic¢ only 2.28°C (4.1°F). At the .ower speeds. over-temperature

would occur at sustained operation,
* The temperature rise of the circulating fluid through the grooving is

shown on Figure 5-21. At maximum speed and pressure, the temperature

of the circulating fluid rises approximately 25°C (45°F).
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The natural frequency of the seal ring in the axial mode is shown on
Figure 5-22, It is only at the low-pressure conditions that the

trequency approaches uncomfortably close to the operating speed.

Angular natural frequency is shown on Figure 5-23., Again, the indi-

cations are that low-pressure, high-speed operation should be avoided.

Axial amplitude ratio is shown on Figure 5-24., It clearly indicates
the danger for operating below a pressure of 1,724 MPa (250 psig) at
full speed.

Angular amplitude ratio is shown on Figure 5-25. Identical comments as

for the axial amplitude ratio apply.

Figure 5-26 shows elastic distortions. These are all very moderate.
Elastic distortions produce a variation in film thickness of 0.00084 cm
(33 uin.) which is negligible compared to the operating film thick-

ness.
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TABLE 5-1

50-MM PRESSURE-BALANCED SEAL

T9-¢

§1 dOVd TVNIONI0

ALrIVAD JOOd A0

Temperature, Temperature,
Film Flow, Pomer Cooled uUncooied Axisl Angular Anial Face
N Pressure Thickness ads/s x 105 Loss (-C) (-C) Amplitudge | Ampl étude Stiffness Load
(raa/s) (MPa} {m) (9) (s) (hw) (g) (s) (9) (s) Ratio Ratto N/m x 10”4 {n)
7330 5.17 29.7 27.% 39.0 16.36 26.7 3.8 45 .5 22.6 0.042 0.031 7.38 10,608
5864 23.7 20.0 29.8 9.46 21.4 2.8 35.7 17.1 0.024 0.018 8.07
5236 20.98 16.6 25.6 7.23 19.8 2.5 32.5 15.2 0.01v9 0.014 8.37
4189 i6.1 10.5 17.9 4.25 t§.4 2.1 29.2 2.8 o.on 0.008 8.70
3142 10.44 4.6 9.34 2.24 2.3 2.0 33.2 12.8 0.007 0.005 8.26
2199 2.79 0.16 0.510 1.12 | 300.6 2.3 401.01 122.0 0.013 0.009 2.8
733¢ 3.45 36.3 29.3 39.9 15.3 23.3 3.61 40.6 20.6 0.072 0.053 4.46 7.086
5864 29.7 22.3 31.5 8.8 7.1 2.57 30.0 15.0 0.040 0.030 4.96
5236 26.4 19.0 27.% 6.6 15,7 2.18 26.7 2.8 0.0303 0.023 s. 20
3142 14.8 7.21 12.7 1.94 12.4 1.32 19.4 8.3 0.009 0.5607 S.81
1780 2.54 0.098 0.272 0.67 {308.9 24.1 417.0 1 132.0 0.016 0.012 1.12
7330 1.72 49.5 36.97 39.2 141 20.28 3.4 36.1 19.4 0.188 0.135 1.69 3.562
5864 411 24 .42 31.8 7.9 14.4 2.4 25.6 13.3 0.099 0.072 2.14
5236 37.3 21.47 28.5 5.9 12.2 1.9 2.7 LRI | 0.072 0.053 2.28
4189 .3.06 10.65 15.8 1.64 7.1 0.94 1.7 5.6 0.020 0.015 2.81
2094 14.22 4.42 7.93 G.67 6.6 .72 V0.6 4.4 0.008 Q.006 2.9
1308 3.73 0.179 0.456 0.30 65.6 S.4 91 .1 31.1% c.on 0.008 0.860
7330 0.69 70.36 31.22 34.37 13.04 18.0 3.7 35.0 20.6 0.844 0.524 a.65 1,450
5864 59.18 25.2% 28.84 7.23 12.7 2.4 23.9 13.3 0.347 0.240 0.75
5236 54.10 22.58 26.06 5.36 10.5 2.0 19.4 m.1 0.238 0.169 9.79
3142 35.31 12.95 16.06 1.42 4.9 0.83 8.9 5.0 0.055 .04 1.08
2094 24.13 7.37 9.87 0.52 3.3 0.47 5.6 2.8 G.020 0.015 V.22
1047 8.89 0.97 1.74 0.15 5.4 0.57 8.3 3.3 0.007 0.005 0.92
830 2.79 0.46 0.092 2.07 82.8 g.omn 125.0 50.0 0.G20 6.015 0.228




TABLE 5-2

20-MM PRESSURE-BALANCED SEAL

(4ot

i0

OVd TVNIoNIG

ALITVND ¥00g

81 dc

Temperature,
Film Power Fiow, Coolea Axial Angular Axial Face
N Pressure Thickness Loss ad/s » 105 (-C) Amp | | tude Amp | | tude Stiffness Load

(raa/s) (MPa) (mm) (kW) (9) (s) (9) (s) Ratio Ratio wea s 1074 | (W)
10,472 $.17 25.9 7.08 138.0 190.0 24.8 2.3 0.073 0.051 4.85 6.383
7.854 19.56 3.5 88.5 134.0 18.9 1.6 0.035 0.02% S$.42

6,545 16.0 2.9 63.9 103.0 17.2 1.3 0.023 0.0v6 $.67

5,236 11.94 1.34 37.27 68.8 17.85 1.10 0.01'S 0.010 S.68

3,297 T30 0.74S8 12.78 29.7 P 1.3 0.010 0.007 4.7

3,126 2.54 0.522 ' 0.98 2.62 256.0 i g.oy 0.018 1.40

4 + ——

10,472 3.45 ] 31.50 6.63 146.0 192.0 21,9 e 0.123 0.08S 2.98 4,270
7,854 24.13 3.28 102.0 191.0 15.4 1.39 0.057 0.040 3.42

6,545 20.07 2.09 77.0 113.0 13.1 1.09 0.037 0.026 3.65

5,236 15.75 1.19 50.8 8.9  § i 0.87 0.022 0.016 3.82

3,927 10.92 3.671 24.6 45.9 12.7 9.77 0.013 0.009 3.72

2,581 2.54 0.298 0.66 1.80 206.0 10.0 0.026 0.0 7.89

10,472 .82 41.9 6.11 154.0 183.0 19.1 2.13 0.327 0.213 1.33 2,157
7,854 33.02 2.9 12.9 134.0 2.5 1.32 0.13% 0.093 1.56

6,545 28.19 1.86 90.0 115.0 9.9 0.99 0.082 0.057 1.70

5,236 22.86 1.04 66.2 89.5 7.8 0.72 0.046 0.033 1.86

3,927 17.02 0.54 40.6 60.0 6.4 0.53 0.024 0.017 2.00

1,932 2.54 0.15 0.459 1.10 139.0 5.94 0.029 0.020 0.40

10,472 0.69 $6.90 5.74 156.0 152.0 7.5 2.39 V-2 0.82 0.522 8990
7,854 45 .47 2.68 118.0 112.6 10.9 1.44 0.43 0.27 0.€.2

6,545 39.37 1.64 97.0 100.0 8.17 1.06 0.23 0.6 0.677

5,236 32.77 0.97 75.4 80.3 5.94 0.72 0.12 0.C8a 0.760

3.927 25.15 0.45 52.0 $9.0 4.22 0.49 0.057 0.040 0.86

1,445 2.79 0.52 0.33 0.49 70.0 5.8 0.033 0.023 0.196
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6,0 TEST RIG

6.1 Ceneral Configuration

A cross section of the tesc rig is shown on Figure 6~1%, The right-hand
portion of the rig is the drive end where the nitrogen turbine is located., The
central portion is the bearing region where the joutnal and thrust bearings
are located., The left end of the rig is the test seal section where the 50-mm

helium buffer seal is shown installed.

Locating the thrust bearing in the center of the rotor avoids excessive over-
hang at either end and provides for a more uniform distribution of mass along
the rotor. This arrangement alleviates rotordynamic difficulties due to large
overhung masses. The helium buffers are installed in a back-to-back coniig-

uration and mate against a common runner.

The 30-mm (1.1811 in.) shaft journal diameter provides sufficient stiffness
Lo be below the bending critical speed, and prevents excessive bearing and
windage power losses for operation at 7330 rad/s (70,000 r/min). At the
turbine end of the shaft, a heat dam is located between the turbine wheel and
shaft. This dam prevents high temperature at the turbine wheel from conduct~
ing heat into the cold shaft regions. The outside periphery of the heat dam is
machined with a labyrinth that provides one half of a buffer seal that
prevents turbine gas from entering the bearing region. At the seal end of the
gshaft, the helium seal runner is secured to the shaft by a spring sleeve that

is pressed onto the shaft. This compensates for bore growth of the runner,

Photographs of the seven major housing components are shown in Figures 6-2 and
6-3. At the turbine end is the nozzle box which contains the turbine inlet
manifold, nozzle blades and exhaust section. The turbine blade tip clearance
of 0.25 to 0.30 mm (0,010 to 0.012 in.) is established by the width of the
spacer piece between the nozzle box and labyrinth seal housing (see Figure

6-1). The labyrinth seal housing is a separate member that contains inlet and

*Figures are presented consecutively, beginning on page 6-16,

6-1



exit passages tor the bhutfer gag, The next major houging element is the
turbine end bearing housing. This contains the turbine-side thrust and jour-
nal bearings with associated fluid inlets, drains and pregsure tap
connections. The shaft support journal and thrust bearings are externally
pressurized (hydrostatic) bearings to provide stiffness and avoid whirl
instabilities. The bearing housing also contains the right-hand side ot the
windage shroud surrounding the thrust collar, Separating the two bearing
housings is a shim plate whose thickness determines the total clearance in the
thrust bearing. The seal end bearing housing contains the left-hand thrust
and journal bearings. The next major element is the seal housing in which the
test seals are installed. Finally, the end cap is the Last member and is used
to contain the fluid that leaks past the test seal. (Photographs of riyg
components and an assembled shaft are included in Section 2.0, Figures 2-20
and 2-21.)

The assembly of the rig proceeds from inboard out. The bearing housings and
shim plate are installed over the shaft and connected by cap screws torqued to
their specified values. Next, the assembled buffer seal housing is installed
and connected to the turbine side bearing housing. The heat dam is then
shrunk onto the shaft. The turbine nozzle spacer is next inserted. The
turbine whoel ig chi’led in LNp and inserted over the shaft into the bore of
the hear dam. A washer and nut finish the shaft assembly. The final step at
the turbine end is installation of the nozzle box. At the opposite end the
helium seal housing is installed. The seal runner gspring sleeve assembly is
then attached to the shaft and the seal runner shrunk on and secured by the end

nut, The test seals are then put in place followed by the end cap.

6.2 Fluid Systems

The various flow systems and flow paths in the rig are indicated schewatically
on Figure 6~4, The nitrogen gas for driving the turbine enters the nozzle box
on the right-hand side, proceeds through the nozzle blading, through the radi-
al~inflow turbine that drives the rig, and out through a central exhaust in
the turbine nozzle box. Leakage at the back side of the turbine wheel passes
through a labyrinth seal, mixes with the buffer seal gas, and exits from a

common drain. .he buffer seal consistg of a central supply annulus from which

%
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tlow is directed axiaily through labyrinths towards the turbine wheel and in
the opposite direction towards the bearing compartment.,

Initially, nitrogen gas was used for the buffer tluid in the labyrinth seals.
The check-out test showed, however, that the temperature of the surrounding
parts was low enough to permit some of the nitrogen to liquefy, This ran back
into the turbine posing a problem, Helium gas with its much lower liquefica-
tion temperature was substituted for the nitrogen and solved the problem.

The journal and thrust bearings are externally pressurized by liquid nitrogen.
There are four recesses in each bearing, each fed through an external passage
via an orifice restrictor located at the outer periphery of the rig, The
drain from the turbine end of the turbine side journal bearing mixes witn the
labyrinth seal drain. The inboard drain from the turbine side journal bearing
combines with the thrust bearing drain located around the outer periphery of
the central section of the thrust bearing. The inboard drain from the seal
side journal bearing flows through a separate drain outlet and combines with

the leakage from the thrust bearing seal drain.

Two different arrangements were used to drain the outboard side of the seal
end journal bearing and the inboard helium buffer seal. The original design
(shown in Figures 6-1 and 6-4) uses a common drain cavity. The helium-nitro-
gen mixture exited through radial drain holes directly under the journal bear-
ing. This arrangement, ugsed during the testing of the first three seal sets,
allowed the inboard end of the seal runner to be bathed in LN resulting in
large windage losses. The heat generated caused the adjacent journal bearing
case to warm up and partial vaporization to occur in the bearing. The vapori-
zation of the bearing fluid caused deterioration of its stiffness and damping
properties and resulted in serious dynamic problems at speeds of approximately

50,000 r/min or greater.

The second arrangement designed to prevent the wvaporization problem uses a
labyrinth seal to keep the LN bearing flow away from the end of the seal
runner. The configuration was shown in Figure 2-22., The helium side of the
labyrinth is kept at a higher pressure than the LN) side, thus preventing any

LN2 from flowing in and contacting the end of the runner. This eliminates the
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windage loyy altogether. The helium is supplied by the leakage trom the
inboard test seal and flow trom an additional supply part machined into the
jeal housing., A constant buffer tlow is maintained across the labyrinth by
keeping the externally supplied helium at a pressure slightly higher than the

bearing drain,

The various fluid supply and drain systems require a large number nf passages.
These are shown on Figures 6~5 through 6~7, Section numbers are referred to
in Figare 6~1, Figure 6-5 shows the turbine side bearing housing inlets and
outlets, Section D=7 is in the journal hearing region and shows Lhe inlert
ports to each of the recesses (Connection A). The restrictor elements are
located at the outer periphery of each entrance connection so that they are
readily accessible for change, if desired. The two bottom recesses also have
pressure tap Connections B. Inboard of the bearing, at itg drainage manifold,
are capacitance probe Connectinns €, tor monitoring shaft motion, Although
only one probe is shown, there are actually two, located 90 degrees apart.
Section D=4 is in the right-~hand bearing housing in the vicinity of the thrus:
bearing. Each of the four thrust bearing recesses are separately fed through
Connection A, The two top recesses have pressure taps B, for measuring the
thrust bearing recess pressures. There are also four separate Connections €,
for inlets to the vibration pistons [3]. These were not used during the heli-
um seal test., The several drain holes shown communicare .he inboard journal

bearing drain with the thrust bearing drain,

Figure 6-6 shows supply and drain cornections for the seal end bearing hous-
ing, Note that the left and right-hand bearing housings are not antisymmetric
because of the different drainape systems at the outboard end of the journal
bearings. Section A-7 (thrust bearing housing) shows the orthogonal capaci-
tance probes axially positioned on the inboard side of the journal bearing.
Figure 6~7 shows the connectione for the turbine end labyrinth seal and shim
plate housings. The labyrinth seal housing, Section D-10, contains one inlet
Connection A. It is at the bottom and feeds the central region of the double
labyrinth seal (see Figure 6-1). At the top of the housing, Connection B, is
the combination drain for the LNy from the outboard end of the turbine-side
journal bearing and the buffer gas leaking past the inboard Llabyrinth,

Connections C exhausts combined leakage from the turbine and outboard
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labyrinth ¢eal, The shim plate, Secticn A=Y, has tour drain connections .t
the bottom which are outlets for the thrust bearing and the inbvard leakaxe
trom both journal bearings,

6,3 Test Seal Arrangement

The helium seal arrangement is shown in Figure 6~l. The inboard seal contacts
the mating surface of the seal housing. The outboard seal contacts a similar
mating surface and is retained by the end flange which is internally holted to
the seal housing. The seal rings are prevented from rotating by three equally
spaced, key-like protrusions machined into the bore ot the geal housing and
end flange, The seals are pushed apart providing a small, but positive, axial
sealing force by a wavy washer installed hetween the rings,

The helium geal runner attachment to the shaft wa; previously shown on Figure
4-6. A flexure sleeve is pressed in the bore of the seal runner. The assembly
is then pressed over the shaft end. The purpose of the flexure is to compen-
sate for centrifugal growth of the runner. As was indicated on Figure 4-6,
the growth at the ID of the runner is approximately 0.0104 mm (0.0004 in). As
the runner expands, it allows the flexure to release and maintain contact with

the runner.
6.4 Turbine Design and Performance

The turbine used to drive the rig is a radial-inflow turbine designed for a
maximum of 74 kW (100 hp). The principal losses in the rig are due to windage,
bearings, and seals viscous losses. Computed total power lnss tor the test
rig with helium seals installed and the original inboard seal drain arrange-
ment is approximately 31 kW (41 hp) at 7329 rad/s (70,000 r/min). With the
labyrinth seal installed between the helium seal and journal bearing, the
total computed loss drops to about 17 kW (23 hp). Figure 6~8 shows the

locations of the various losses.

Figure 6-9 presents the turbine configurationj; Figure 6~10 provides a photo.

Design and performance data are given below:
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Basie Turbine De.,,.>

Type: Unshrouded, cantileered, radial=intiow
Ob, mm (in,): 71.9 (2.83)

Speed, rad/s (r/min): 7,329 (710,009)

Tip Speed, m/s (tt/g): 284 (8hY)

Nozzle Angle, rad (deg): 1.29 (74)

Blade Angle, rad (deg): 1.05 (60)

Reaction (%): 30

U/Cu: 0.5

Estimated Performance

Gass No at 21°6 (70°r, 360°R”
Power, kW (hp): 37 (50)

Inlet Pressure, kPa absolute (psia): 1034 (150)

Exhaust Pressurs, kPa absolute (psia): 103.4 (15)

Isen. Enthalpy Drop, Btu/kg (Btu/lb): 27.2 (60)

Ftticiency, =! 0%

N2 Flow Rate kg/s (scim): 0.40 (700)

Ot f-design performance data are provided by Figures 6-=11 and 6=12 showiay
output power versus inlet pressare and turbine etfticiency versus speed,

respectively.

h.4,1 Accelaratinn

The gpecification calls for an acrcteration rate of 152 m/5% (500 tr/s*).

This is equivalent to 15.5 g The turoine design speed torque is:
T = (50)(63,000)/70,000 = 45 in.~lb = 5.08 N/m

The stalled torque for this type of turbine is two times the design torque,
10.2 N/m or (90 in./lb)., The 2.15 kg (4.75 Llb) rotor has a mass moment of
inertia of 0.00068 N/m=s% (6 x 1073 lb/in.-s2)., The average acceleration is
then:

Hh=6H
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X« (90 + 45)/(2 x 0,006 x 386) = 29

Theretore, there 14 ample torque avaiiable to meet 'he specitication acceler=
atinn rate,

6.4,2 Streas

At the design conditions ot 37 kW (50 hp) at 7329 rad/s (70,000 rimin), the
maximum stress 1s 137.9 MPa (20,000 psi) which nceurs at the blade ID trom
both the centritugal torces and torque load., Aluminum allony 2024~T3 has a
yield strength ot 413.6 MPa (60 psi), hence the maximum sate operating spred
is about 10,470 rad/s (100,000 r/min).

he4.3 Desgign

The design drawing nt the turbine wheel is shown in Figure 6~13,
6.5 Hearing Design and Performance

6.5.1 Journal Bearings

The journal bearing is a tour-pad hydrostatic bearing with a pocket or raecvsy
geometry as shown in Figure A=l4. The recess angular extent is 1.26 rad (72°)
and approximately 16.4 mm (0.644 in,) wide. ‘lhe bearing width is 22.0 mm
(0,866 in,) and the L/D ratio is approximately 0.73, The design radial clear-
ance is 0.0191 ro 0.0254 mm (0.00075 to 0.00100 in.)., The actual measured
radial clearance was 0,0188 mm (0.00074 in.).

Bearing performance is summarized in Table 6-1%., Since the program originally
called for the use ot LOX (for spiral groove seal tasting) and test speeds of
10,470 rad/s (100,000 r/min) for testing 20-mm seals, Learing performance for
those conditions is also given. The data applies to the concentric shatt

position which, given the low rotor weight, is the expected mode of operation.

“Tables are presented consecutively, beginning va page 6-49.
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The bearing flow is very sensitive to clearance and only slightly affected by
speed. The flow is used to size the nrifice to produce a pressure drop between
the supply and bearing recess equal to about one half the total drop between
the supply and drain. The original orifices installed were 0.940 mm (0.037
in.) in diameter. These were changed during check-out operations to 0.813 mm
(0.032 in.) in diameter, yielding a recess pressure 0.45 to 0.50 times the
supply pressure.

Both stiffness and damping are also sensitive to clearance. The bearing land
areas are silver plated from 0.05 to 0.10 mm (0.002 to 0.004 in.) to reduce
rubbing friction with the shaft. The bearings are energized prior to start-up
of the shaft and after it has stopped rotating during shutdown. Thus, there

should not be rubbing contact between the shaft and bearings.

6.5.2 Thrust Bearings

The general configuration of the thrust bearing is shown in Figure 6-15. It
is a four-pad bearing with each pad being of 1.22 rad (70°) angular extent. A
single pocket is incorporated in each pad. The pocket angular extent is 0.98
rad (56°). Each pocket is individually fed through an orifice restrictor and
two of the pockets have pressure taps for measuring pocket pressure. The
design clearance of the thrust bearing (per side) is 0.038 mm to 0.0432 mm
(0.0015 to 0.0017 in.). The actual clearance is also 0.038 mm to 0.0432 mm
(G.0015 to 0.0017 in.).

The thrust loads imposed on the seal test rig are shown in Figure 6-16. They
are dependent on the pressure maintained in the outboard seal drain cavity,
the bearing drain pressure and the turbine pressures. At design turbine
conditions, the net thrust pushes the rotor toward the seal end and can go
from 369N (83 1b) with an outboard seal drain pressure of 517 kPa absolute (75
psia) to approximately 1432 N (322 1b) as the outboard dra.n pressure is
lowered to 103 kPa absolute (15 psia). At low turbine power conditions, when
its thrust is very low, the net thrust would go from 309 N (69 1b) toward the
turbine end to a net 529 N (119 1b) to the seal end as the outboard drain pres-

sure is decreaszd from 517 kPa absolute to 103 kPa absolute (75 psia to
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15 psia). In either case the net loads are well within the capability of the
thrugt bearing, )

Table 6~2 and 6-3 show thrust bearing performance at 7329 rad/s (70,000 r/min)
and 10,470 rad/s (100,000 r/min) for both liquid nitrogen and LOX. The tabu-
lations show single side properties of the bearing and indicate variations in
performance as a function of clearance.

Load versus displacement for the total bearing is indicated in Figure 6-17.
Because of light loading, the bearing will remain essentially centered with
runner axial displacements less than 0,0025 mm (0.1 mils). At full displace-
ment, the load capacity is approximately 5115 N (1150 ib). Bearing flow for
the double-acting thrust bearing is shown in Figure 6-18, In the centered
position, the flow is 1.17 kg/s (16.2 gal/min at 70,000 r/min). Viscous power
losses for a single~sided thrust surface are indicated in Figure 6-19., Pocket
or recess pressure versus film thickness is shown in Figure 6-20, In the
centered position, the recess pressure is 2585 kPa (375 psia), or half of the
supply pressure. This pressure ratio provides near optimum stiffness. The
double-sided stiffness is approximately 175 m-N/m (1,000,000 1b/in.). Figure
6-21 is a plot of fluid-film temperature rise versus film thickness, for a
single side. It is based on the assumption that all heat generated by viscous
friction is added to the fluid as it flows through the bearing and no heat is
transferred through the bearing surfaces. In the centered position, the
temperature rise is 1.,3°C (2.3°F) at 7329 rad/s (70,000 c/min). When the
bearing clearance approaches 0.013 mm (0.0005 in.) the temperature rises
dramatically and represents a failed condition. It is important to keep the
temperature rise as low as possible to assure against vaporization in the

bearing film.

6.6 Rotor Dynamics

The following three major analyses were performed on the 50-mm test seal

rotor:?

1. Undamped critical speeds as a function of bearing stiffness

2. Synchronous unbalance response



3} Stability analysis to eqtablish system stability, natural trequen-
cies, and moda shapes,

Because of the early emphasis on the spiral-groove LOX seals, the rotordynamic
aturlies modeled the tester rotor as outfitted for che LOX seal tests., The
differences between the LOX seal rotur and the helium seal rotor are the mass
and the polar and transverse moments of inertia of the seal runners. The LOX
runner is greater in all three properties. Critical speeds or natural
‘requencies are higher and system stability is greater for the helium seal
runner. Thus, if the analysis 1is not entirely accurate, it is at least

conservative.,

In summary, the analyses show that seal tests should operate satisfactorily
over its entire speed range. The most troublesome natural frequency, the
first bending mode, resides at approximately 13,611 rad/s, (130,000 r/min) and
is well above the speed range. The Llowest natural frequency, a rigid body
conical mode, should occur at sbout 7329 rad/s (70,000 r/min) for the LOX
r .or (higher for¢ the helium rotor). The resulting vibrations should be well
damped. Response analyses at 7329 rad/s (70,000 r/min) show acceptable ampli-
tudes for expected levels of residual unbalance. The stability parameters or
grouwth factors of all natural frequencies calculated are all negative and

large, indicating good system stability.

In practice, the dynamic characteristics of the tester proved considerably
more troublesome than expected. Despite careful balancing and assembly, large
shaft vibrations developed during both the rig checkout and the first three
seal tests. Vibration amplitudes started to grow around 4397 rad/s (42,000
r/min) and reached unacceptably high shafr levels 0.025 to 0.038 mm peak to
peak, (1,0 to 1.5 mils peak to peak) between 4816 and 5444 rad/= (46,000 and
52,000 r/min).

A brief experimental analysis revealed the following observations:

1. Varying rhe bearing supply pressures between 3.79 and 6.20 MPa (550

and 900 psig) did not eliminate the vibrations,
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The orbits while nperating ar pressures of 4,82, 5,51, and h.20 MPa
(700, 800, and 900 psig) were close to (but not locked to) shatt
speed. Orbits aL pressures ot 3.79 and 4.l4 MPa (550 and 600 psig)

were exactly synchronuus.

The speeds at which the vibration became large decreased somewhat as
bearing supply pressure was increased. Also, the occurrence of
noticeable bubbling around the seal end probe showed the same trend.
Both effects are noted below:

Supply Pressure Vibration Threshold Bubbling Threshold
(MPa) (rad/s) , (rad/s)
6.20 4827 -
5.51 4837 3769
4.82 5026 >3769
4,14 54073 5151
3.79 5407 5151

Both the vibration and bubbling were most severe on the seal end of

Lhe tester.

Lower speed operation revealw: small but noticeable synchronous
vibration peuks at 3141 rad/s (30,000 r/min) and second harmonic
peaks at 2450 rad/s (23,400 r/min). The latter may correspond with a
natural frequency of 4900 rad/s (46,800 r/min).

Because of the bubbling occurring around the shaft probes and the
nonsynchronous behavior at the higher pressures, the mode shapes

could not be determined,

From these analyses, it was concluded that the design stiffness and damping
properties of the seal end journal bearing were not being achieved. This
would have the general effect of lowering the natural frequencies and decreas~-
ing the damping. The following comparisons provid: additional evidence of
weakened bearing properties. The first and second undamped critical speeds
are predicted to occur at 7329 and 9423 rad/s (70,000 and 90,000 c¢/min),

6-11



regpectively based on hearing stitfnesses of 117.3 m=N/m (6,7 x 10% ib/in.).
If, however, the stitfness degraded to about 17.5 m=N/m (1.0 x 10°1b/in.) the
same analysis would predict 314) rad/s (30,000 r/min) tor the first critical
speed and 4816 rad/s (46,000 r/min) tor the second. Both speeds coincide with

measured peaks in vibration,

The occrrrence of self-excited vibration of frequencies very u:lose to the
synchronous frequency is very unusual. However, additional analyses of the
tester revealed that such an instability can occur with sufticiently degraded

damping.

The most likely cause of poor stiffness and damping in the seal end bearing is
vaporization in the bearing film. Experimental observationg provided ample
evidence of gas bubbles when the vibration occurred. Previously completed
design studies indicated that the LN bearing fluid is nwar saturation condi-
tion as it exits the bearing. An additional factor is the windage loss
resulting from the LNy contacting the end of the seal runner. This generates
a substantial amount of heat which would transmit to the surrnunding party and
increase the tendency for vaporization., To eliminate the windage loss and
hopetully the vaporization, the second labyrinth seal was installed (see

Section 2.0) prior to the fourth seal test,

6.6.1 Rotor Model for the 50-mm LOX Seal Shaft
The rotordynamic models used for both the 50~ and 206-mm LOX shafts are shown
in Figure %-22. Table 6-4 indicates pertinent information relative to the
various mass stations and shaft elements for the 50-mm LOX seal rotor. The
model contained 20 mass stations with disk elements located at Stations 5, 9,
and 16 representing the seal runner, thrust runner, and turbine wheel, respec-

tively.

6.6.2 Undamped Critical Speeds for the 50-mm LOX Seal Rotor

The undamped critical speed map for the 50-mm seal rotor is shown in Figure

6~23. The bearing stiffness variable is the diagonal stiffnesses along the x-

6~1.2
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nr y=axes. For the 50-min LOX seal :bat't, the bhearing support stittiness was
taken tu be 117.9 m~N/m (6.73 x 10° 1b/in.), representative of a radial clear-
ance ot 0.019 mm (0.00075 in.). At an operating speed of 5863 rad/s (56,019
r/min), the rotor speed is below the first eritical, which is a rigid body
mode. The first bending critical, which is the third critical speed, occurs
at approximately 13,611 rad/s (130,000 r/min) which is more than two times the
cperating speed.

6,6.3 Synchronous Unbalance Response of the 50-mm LOX Seal Rotor

In computing the unbalance for synchronous response studies, API balance spec-
ifications were emplnyed., This specificatinn indicates what normal 1iccepta-
ble and attainable urbalance levels are,
The formula for computing the unbalance is:

U = 5 (56,347)(Wc) /Ny (6.1)
at 7329 radsgq {70,000 r/min). For the 50~mm LOX seal rotor:

Uyg = 0.197 g=mm (2,73 x 107% oz=in.) (6.2)

]

at 10,470 rad/s (100,000 r/min). For the 20-mm LOX seal rotor:

Ug = 0.082 g=mm (1.145 x 10~% oz=in.) (6.3)
W = Rotor weight (Lb)

The above numbers are low levels and difficult ¢o obtain., Therefore, MTI

designed for an unbalance level of:

Ug = 0.36 g~mm (5.0 x 107% oz-in.)
The unbalances of this magnitude were applied at each of the Stations 5 and
16, representing the seal runner and turbine wheel, respectively. Two sets of

runs were made; one in =hich the unbalances were in-phase and one in whi<h the

unbalances were 180° out-of-phase. In-phase unbalance excites the lateral
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rigid hody modes, Out=-ni=-phase unbalance excites the conical rigid hody

modes.,

Figure 6-24 shows halt amplitude synchronous response at Stations 8, 10, and
11 which are the seal end journal beiring, the turbine end journal bearing,
and thrust bearing, respectively with in-phase unbalance. At the operating
speed of 5863 to 6073 rad/s (56,000 to 58,000 v/min), displacements are very
well controlled; amplitudes are approximately 0.000254 mm (0,01 mils). The
maximum speed of the rotor is 7329 rad/+ (70,000 r/min) and wiil be run at this
speed with the helium seals. Amplitudes at these stations at 7329 rad/s
(70,000 v/min) are still very small and pose no problems. Figure 6-25 shows
half amplitude responss at Stacions 9, 10, and 15 which are the thrust bearing
{Stations 9, 10) and in the vicinity of the turbine wheel. Response at maxi-
mum speed is less than 0.00127 mm (0.05 in.). Figure 6-26 shows response at 1,
l6, and 20. Station ! is at the seal end extremity of the rotor; Station 16
is at the turbine wheel and Station 20 is at the extreme turbine end ot the
rotor. At the operating speeds, amplitudes are approximately 0.00127 mm (0,05
mils) at 5863 rad/s (56,000 r/min) and 0.00254 mm (0.1 mils) at 7329 rad/s
(70,000 r/min)., Figures 6-27, 6-28, and 6-29 show similar plot s for out=of

phase unbalance. For the out=-ocf-phase unbalance conditions, the maximun,

amplitude is 0.00381 mm (0.15 mils) at Station 1 (see Figure 6-29).

6.6.4 Stability Analysis for the 50-mm LOX Seal Rotor

As mentinned in the introductory paragraph, the stabil‘ty analysis produces
three significant items of information. These are a stability parameter or
growth factor, natural frequencies, and mode ;hapes associated with the

natural frequencies. Negative growth factors imply a stabl'e system.

A tabulation of modal growth factors, natural freque: ..es and mode shapes is
indicated in Table 6~5. The first mode is a rigid body mode. The natural
frequency is 6384 rad/s (60,983 r/min) and the growth factor is -1139.2. The
mode is very well damped. It colucides with the bottom line of the undamped
critical speed map shown in #igure 6~23. Note that thervc is significant
motion at the bearing stations, so that bearing characteristics influence this

particular mode. Mode 2 is again very well damped. The natural frequency of
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this maode is beyond the range ot the maximum rotor speed. The third and titth
modes show significant bending. Mode 4 iy predominantly a lateral ripid body
mode.,

6.7 Thermal Analysis
Using computer codes available at MTI, in-depth studies were made to establish
the temperature distribution in the test rig. The original study was
performed for the 50-mm LOX seal configuration using LOX as the working fluid
for both the bearings and seals. The results are shown in Figure 6~30. It was
assumed that the LOX entered the bearings and seal compartment at =~173°C
(~280°F), and that the nitrogen supply ro the turbine and buffer seal was at
21°C (+70°F), Fluid temperatures are indicated in bold numbers. The princi=
pal item of concern with respect to the fluid temperatures is thart the LOX
remain in a liquid state in and near the bearings to prevent bearinyg problems
and erroneous capacitance probe readings. Figure 5-31 indicates drain pres=-
sure requirements versus fluid temperature rise to keep the LOX completely
liquid.

The liquid at the journal bearing drains and the capacitance probes which are
at -he inboard drain locations is relatively cool, =~173°C (~279°F). The
temperature rise above the nurmal boiling point is 10°C (18°F). Thus a total
backpressure of two to three atmospheres should be sufficient to maintain tne
LOX discharges in the liquid state., The housing and shaft temperatures are
all quite reasonable., The largest temperature differences occur in the heat
dam and buffer seal regicn, as would be expected. The heat dam is calculated
to be effective in preventing transter of heat trom the turbine end down the
shaft.
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A — Thrust Bearing Inlet .

B — Pressure Tap

C — Vibration Piston Inlet
D — Capacitance Probe
E — Journal Bearing Inlet

Fig. 6-6 Supply and

Drainage - Seal-Side Bearing Housing
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A — N, Inlet
B — N, LOX Drain
C — N, Drain
A
SECTION D-10

Helium Labyrinth Seal Housing

Figure 6-7 Supply and Drainage - Labyrinth Seal and Shim Plate Housings
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Fig. 6-9 Turbine Design Schematic
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Fig. 6-11 Turbine Output Power versus Inlet Pressure
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Fig. 6-12 Turbine Efficiency Ratio versus Speed
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Fig. 6-14 Test Rig Journal Bearing Recess Geometry
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Fig. 6-15 Test Rig Thrust Bearing Recess Geometry
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Fig. 6-17 Thrust Bearing Load Capacity versus Displacement
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Bearing Data:

g -
Supply Pressure = 5.171 MPa
6t st OD=58 mm ID=32 mm
Orifice Diameter= 2.09 mm at 7,329 rad/s
7F . = 1.73 mm at 10,470 rad/s
oY > = Discharge Coeff.= 0.9
rs =2 6
7 4 =
w ™ (753 N \
S § S 10,470 rad/s
) - (100,000 rpm)
2 3r o 4r
; :
o o 3}
()Y 2 - \
&
o 2F 7,329 rad/s
1r 1 (70,000 rpm)
ol 0 1 1 1 1 -J
0 1 2 3 4 5
Film Thickness (mil)
i 1 L 1 1 [ 1 3 1 i 1 1 L ]
0 0.02 0.04 0.06 0.08 0.10 0.12

Film Thickness (mm)

Fig. b-19 Jjhrust Bearing Power Loss - Single Side
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=1.93 mm at 10,470 rad/s
Disch Coeff.=09

500l ischarge Coe
4001

i ~10,470 rad/s & 7,329 rad/s
300 (10C,000 rpm) (70,000 rpm)
200
100}

0 [ i [ i ']
0 1 2 3 4 5
Film Thickness (mil)
L 1 i i [ 1 1 1 1 ] 1 1 e d
0 0.02 0.04 0.06 0.08 0.10 G.12
Film Thickness (mm)
Fig. ©6~20 Thrust Bearing Hecess Pressure
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Bearing Data:
Sor %or l Supply Pressure= 5.171 MPa
80} OD =58 mm ID=32 mm
sk Orifice Diameter= 2.09 mm at 7,329 rad/s
%) T 0r = 1.93 mm at 10,470 rad/s
< & N Discharge Coeff.= 0.9
® o 60
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Fig. 6-21 Thrust Bearing Temperature Rise versus Film Thickness
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Bearing Bearing
No. 1 Mo. 2
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a———— 79.2 mm L 104.6 mm ols 98.3 mm——m———
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B = 0 [ — - -
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' 1
(=)
2 ®
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Fig. 6-22 Rotordynamics Model of Test Rig
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Fig. 6-24 Half Amplitude Response, Stations 8, 10, 11; In-Phase Unbalance, C = 0.0191 mm



CADENSE B1 B ALUMINUM UHEEL $ IN PHASE & PLOT NO. 8 X STATIONS
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Fig. 6-25 50-mm Seal Half-Amplitude Response, Stations 9, 10, 15; In-Phase Unbalance, C = 0.019]1 mm
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Fig. 6-26 50-mm Seal Half-Amplitude Response, Stations 1, 16, 20; In-Phase Unbalance, C = 0.0191 mm
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Fig. 6-27 50-mm Seal Half-Amplitude Response, Stations 8, 10, 11; Out-of-Phase Unbalance, C = 0.0191 mm
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Fig. 6-29 50-mm Seal Half-Amplitude Response, Stations 1, 16, 20; Out-of-Phase Unbalance, C = 0.0191 mm
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LOX Seal Tester:
Saturation Temperature: —183° C (—297° F) at 1 atm
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Fig. 6-31 Test Rig Drain Pressure versus Saturation Temperature
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LOX Seal Tester:
Saturation Temperature: —183° C (—297° F) at 1 atm
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Fig. 6-31 Te¢st Rig Drain Pressure versus Saturation Teoperature
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TABLE 6-1

SUMMARY OF CONCENTRIC JOURNAL BEARING PERFORMANCE

Liquid LOX LOX LOX LOX LNy LNy
N, Speed, rad/s 10,470 | 7,329 7,329 10,470 | 7,329 10,470
Pgy Supply Pressure, kPa 5,171 5,171 5,171 5,171 5,171 5,171
C, Radial Clearance, mm 0.0191 | 0.,0191 [ 0,0254| 0.0254 | 0.0254 | 0.0254
dgy Orifice Diameter, mm 0.711 0.762 0.965 0.965 0.965 0.965
Pry Recess Pressurs, kPa 2,620 2,592 2,613 2,627 2,551 2,813
Q, Plow, kg/s 0.111 0.132 0.222 0.191 0.190 0.180
hp, Power Loss, kW 2.20 0.82 0.77 2.07 0.58 1,56
Kxx, Stiffness, mN/m 121.9 117.9 82.7 86.3 83.7 87.0
Kyys
Kxy, Cross-Coupled Stiffness, mN/m | 111.4 64.6 38.0 64.1 35.4 48,5
Kyxy
Dxx, Damping, mN-s/m 21,2 17.7 10.3 12.1 9.6 9.3
Dyy»
AT, Temperature Rise, °C 12.53 3.93 2,18 6.82 1,35 3.82
M, Critical Mass, kg 445 8.78 6.17 3.15 9.98 3.17
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Clearance

~fmm)

0.114

0.0762
0.0666
0.0572
0.0476
0.0381
0.0305
0.0229
0.0152
0.0076

0.114

0.0762
0.0666
0.0572
0.0476
0.0381
0.0305
0.0229
0.0152
0.0076

TABLE 6-2

SUMMARY OF THRUST BEARING PERFORMANCE

(7329 rad/s; Orifice (dy = 1.61 mm)

Force
)

429.6

915.0
1155.1
1490.1
1968.2
2659.2
3405.3
4301.2
5200.9
5821.8

414.9

884.6
1117.5
1444.,5
1919.23
2603.7
3344.8
4245.5
5166.7
5808.0

Pocket
Flow Losgses Temperature Pressure
(kg/s) (kW) (°c) (kPa)

LOX
C.786 1.32 1.03 430
0.744 1.43 1.18 910
0.724 1.46 1.24 1144
0.694 1.51 1.34 1472
0.650 1.57 1.48 1932
0.580 1.64 1.73 2585
0.497 1.72 2,12 3272
0.381 1.83 2.95 4059
n.228 2.00 5.39 4772
0.069 2.36 21.0 5134
LN2
0.665 0.98 0.75 418
0.632 1.06 0.85 891
0.614 1.09 0.90 1114
0.590 1.12 0.97 1434
0.552 1.17 1.07 1893
0.495 1.22 1.26 2543
0.425 1.28 1.53 3228
0.327 1.37 2.13 4023
0.197 1.51 3.88 4754
0.061 1.79 14.99 5131
6~50
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TABLE 6-3

SUMMARY OF THRUST BEARING PERFORMANCE

(10,470 rad/s; Orvifice (dg = 1.55 mm)

Pocket
Clearance Force Flow Losses Temperature Pressure
(mm) (N) (kg/s) (kW) (°c) (kPa)
LOX
0.114 425.2 0.727 3.6 3.04 417
0.0762 914,2 0.690 3.89 3.46 89l
0.0666 1158,7 0.671 3.99 3.65 1126
0.0572 1502.8 0.642 4,10 3.92 1455
0.0476 1996.6 0.601 4425 4,35 1922
0.0381 2709.2 0.536 bbb 5.09 2585
0.0305 3479.2 0.458 4,65 6.24 3285
0.0229 4404.0 0.347 4.93 8.74 4090
0.0152 5307.6 0.202 5.38 16.40 4805
0.0076 5868.9 0.057 6.30 68.25 5142
LNp
0.114 406.3 0.615 2.67 2.20 402
0.0762 875.9 0.585 2.88 2.50 859
0.0666 1111.3 0.569 2.96 2.64 1087
0.0572 1443.5 0.547 3.05 2.83 1406
0.0476 1922.6 0.512 3.16 3.13 1862
0.0381 2619.2 0.4, 3.31 3.66 2514
0.0305 3380.9 0.394 3.47 4,46 3211
0.0229 4312.1 0.301 3.69 6.20 4026
0.0152 5248.9 0.178 4.04 11,52 4773
0.0076 5855.8 0.051 4.77 47,81 5138
6-51



TABLE 6-4
50-:¥ LOX SEAL ROTOR PARAMETERS

NNAT NGYRO JOFT  IUNITS 1SCAL IPREC ' )
1 1 50 o 0 0
MAT YOUNGS MODe DENSITY SHEAR MOD.

(LB/ INS32]}
9. 400QD+06

NGe. (LB/IN$%2) (LB/ZINS23)
1 3.1300D0¢C7 2.960D0-01

ROTAGR DATA

STAT MASS i 17 LENGTH STIFF. MASS INNER YOUNGS MODe< DENSITY SHEAR MOD.-
NO. (LBS) {LB=-INS%2]) {(LB-INz22) {IN] DiA. DiA. DIA. (LB/7INS22]) [(LB/INTS3) [LB/INT2)
1 Q.0 .0 0.0 0.20CC 0.314 0.313 0.0 3.1300D¢07 2.960D-01 9.400D306
2 0.0 0.0 0.9 0.570 0.343 0.650 0.0 -3.°300D+07 2.960D-01 9.400D+06
3 0.0 0.0 . 0.0 0.250 0500 0.500 0«0 - 3:1300D+07 2.960N-01 9.400D+0€
4 5.2000~02 9.90000-03 S.50000-03 0.199 .0.500 D.S00 0.0 3.13000+07 2.960D-01 9.400D+0§
% 0.0 0.0 0.0 0.520 03590 3150 0.0 3.1300D407 2.960D0-01 9.400D*06
6 0e0 0.0 0.0 0.875 1ei80 1.180 0.0 3.1300D0407 2.960D-01 9.4000:06
? 7 0.0 0.0 0.0 Ce&37 1.180 1.180 0.0 3.1300D407 2.960D-01 9.400D+906
N 8 0.0 0.0 0.0 1-650 1.180 1180 0.0 3.1300D¢07 2.960D-01 9.400D+06
9 0.0 0.0 0.0 QeB500 1-1-80 2800 0.0 3.1300D+07 2.960D-01 9.400D+06
10 0.0 0.0 0.0 1.875 1.180 1=180 0.0 3.1300D¢07 2.960D-01 9.400D+0E
13 0.0 0.0 0.0 0.640 1180 14.180 D0 3.130Q0¢07 2.960D~01 9.400D¢+0€E
12 0.0 0.0 : 0.0 ‘08500 T« 380 1060 0.0 313000407 2.960D~C1 9.400D¢06
13 0.0 0«0 0.0 0.110 0.670 N.670 0.0 3.1300D¢07 2.960D-01 9.400D+¢06
14 0.0 0.0 0.0 0.380 0.670 0.670 0.0 3.1300D¢37 2.9600~-01 9.400D+06
15 1.020D0-01 2.20000-02 1.80000-02 0.490 0670 D300 _ 0.0 3.13000¢07 2.960D0-01 9.400D+06
16 1.870D-01 1<6100D~01 8.6000D0-02 0.750 0.670 0.300 0.0 3.1300D207 2.9600~01 9.400D+06
17 0.0 0.0 0.0 0.450 0.670 0.670 0.0 3.1300D¢07 2.960D0-01 9.400D+06
18 0.0 0.0 0.0 0.150 0375 0.375 0.0 3.1300D+07 2.960D0-01 9.4000+06
19 0.0 0.0 0.0 0.190 0.281 0.281 0.0 3.1300D¢07 2.950D-01 9.400D+06
20 0.0 0.0 0«0 0.0 0.0 0.0 0.0 3.1300D+07 2.960D-01 9.400D+06
BEARING STATIONS )
e 11
30 MM SHAFT, 70000 RPM, G = .75 MILS, ALUMINUM TURBINE WHEEL
A Seal Runner Thrust Ranner
* * —_—
" WEIGHT oOF suiiIOR — Tp = 1.488 Tb-tn’ Tp = 0-401 1b-1nz
WEIGHT OF DiISCS. ... . 100! T 1500 Ip = 2.125 1b-1n’ I, = 0.201 1b-in
HWEIGHT OF ROTOR,........... -4, 74844
SHAFT LENGTH. .. vrevevanans. 10.62500
LOCATION OF C.G.vvverunnnns 4.37356
s | N g | B | L 2 e o R i ¥ PR - Togg = -
DR 0N 1) LT re g e e gy oper ne g f o e pee




TABLE 6~5
50-MM LOX SEAL STABILITY ANALYSIS

Growth Frequency
Mode Factor rad/s (RPM) Shape Comments
1 -1139 6,385 >< Conical Rigid Body
(60,983)
2 ~-2247 7,966 /s
(76,082)
3 - 980 8,472 ~ o Some Bending
(80,921)
4 -4863 8,978 Lateral Rigid Body
(85,748)
5 -1028 9,995 ‘\\~_-__—’,/ Bending Mode
(95,459)
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7.0 TEST FACILITY

The helium seal testing was performed at Wyle Laboratory in Norco, California.
Figures 7-l*, 7-2, and 7-3, provide several views of the test facility while
Figures 7-4 and 7-5 are close~ups showing the tester installation. An overall
view of the control room is shown in Figur+ 7-6. The system control panel is

depicted in Figure 7-7.

The sections that follow provide a detailed description of the test facility
including:

* Fluid Supply Systems

* Facility Controls

* Instrumentation.

7.1 Fluid Supply Systems

Figure 7-8 is a simplified piping schematic of the fluid gupply systems. The
three major fluid systems supply gaseous helium to the buffer seals, liquid
nitrogen to the tester bearings, and gaseous nitrogen to the tester drive
turbine. Two additional systems supply gaseous helium to labyrinth buffer
seals and gaseous nitrogen purges to the major fluid systems at various

points.

7.1.1 Helium Seal Supply Svstem

Gaseous helium is supplied to the facility from a 1550 m3 (55,000 scfm) tank
trailer at pressures ranging from 3.45 to 17.24 MPa (500 to 2500 psig). A line

from the tank trailer connects to a tank located near the tester.

The helium flow to the tester then passes through a 10 micron (nominal) line
filter and then through a dome loader regulator valve (40). This reduces and

controls the pressure of the helium to the range of 0 to 1724 kPa absolute (O

*Figures are presented consecutively, beginning on page 7-15.
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to 250 psia). Control pressure to the dome loader is adjusted using a motor-

ized regulator remotely operated from the control room.

The “low then passes through a calibrated Venturi flowmeter. Pressure (P5)
and temperature (T5) are measured at the inlet to the Venturi as is the pres-
sure drop from the inlet to the throat of the Venturi (P20). These allow accu-
rate measurement of the helium supply flow. The helium then goes to a

manifold near the tester where the seal supply pressure (Pl2) is measured.

The flow then splits into two lines and enters the tester (C9 A & B). In the
tester, the flow again splits with some of the helium passing through the
inboard seal. ring and some through the outboard seal ring. The former joins
with the bearing drain flow. The latter enters the outboard seal drain cavity

and passes out through drain ports (Cl0 A, B, C).

Pressure (P2) and temperature (T2) are measured in the drain line providing
both seal drain conditions and inlet conditions for a second Venturi flowmeter
located immediately downstream. The pressure drop across the Venturi (P18) is
measured providing a record of the flow throvgh the outboard seal. The
inboard seal flow is derived and is equal to the supply flow minus the

outboard seal flow.

The helium drain flow then passes through a pneumatically actuated pressure
control valve (8) and is vented to atmosphere through a standpipe. The
control valve is used to set the drain pressure between 0 and 517 kPa absolute
(75 psia), the latter being the nominal pressure of the bearing drain and
hence the inboard helium seal. The valve is controlled either by a differen-
tial controller using the bearing drain pressure (P3) as a reference or by
directly controlling the pneumatic actuator with a remotely located hand regu-
lator. The latter proved to be a more convenient method of incrementally

reducing drain pressure during steady-state runs.

7.1.2 LNp Bearing Supply System

The LNy originates at an 41.6 m3 (11,000 gal) storage tank near the test site.

Transfer pumps at the stc.age tank supply LN9 through a vacuum jacketed line
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to a 1.67 m3 (440 gal) elevated run tank at the test site. The tank is
equipped with an automatic level controller which operates the tank fill valve
(17) and keeps the tank about 3/4 full during operation. A 76-mm (3-in.) vent

maintains the run tank at near atmospheric pressure.

A line from the bottom of the tank goes to the pump fill valve (15) which
connects to the suction of a single stage boost pump. The discharge of the
boost pump connects both to the suction of the high pressure vari-drive pump

and a motorized bypass valve (16) leading back to the run tank.

The vari-drive pump provides the high pressure LN7 needed for operation of the
hydrostatic thrust and journal bearings in the tester. It is motor driven
through a variable speed mechanical transmission capable of operation from 314
to 1152 rad/s (3,000 to 11,000r/min). The pump is a two-stage centrifugal
type capable of delivering 3.0 kg/s (60 gal/min) of LNy at pressures up to
6.894 MPa (1000 psig).

The output of the vari-drive pump flows through a check valve and a 10 micron
(nominal) filter into the LNy manifold. The line is equipped with a burst
disk designed to rupture at a pressure of 7.58 MPa (1100 psig) to prevent

accidental overpressuring of the manifold.

Two air-actuated control valves (5 and 6) connect to the manifold and supply
LN2 to the hydrostatic thrust and journal bearings, respectively. These are
shown in Figure 7-2. Each valve is equipped with a controller which automat-
ically maintains a bearing supply pressure of 4.14 MPa (600 psig). A third
air-actuated control valve (2) is installed in the LN supply manifold and
provides a bypass back to the run tank. It is controlled by a remotely oper-
ated, motorized regulator and set in conjunction with the speed of the

vari=drive pump to provide a flow sufficient for the bearings.

Each of the two bearing supply valves is connected to a supply manifold next
to the tester. These are shown in Figures 7-4 and 7-5. Eight lines connect
each manifold with the corresponding supply ports on the tester: C3 A, B, C, D
and C8 A, B, C, D for the journal bearings and C5 A, B, C, D and C6 A, B, C, D
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for the thrust bearings. Each of the 16 lines is equipped with a 60-micron

line filter to prevent bearing contamination,

The tester is equipped with three groups of bearing drains. These are shown
1n Figure 7-3. Lines from five thrust bearing drain ports (C13 A, B, C, D, E)
and three seal end journal bearing drain ports (Cl4 A, B, C) connect to a
commn manifold. Drain prassure (P3) and temperature (T3) are then measured
in the line which is connected to an air-actuated drain valve (10). The valve
connects to a common return line to the run tank. The pressure upstream of the
valve is cutomatically controlled *o about 68.% kFa (10 psi) above the satu-

ration presaure of the fluid to preveit vaporization in the tester.

The third drain (Cl5 A, B, C) collects a mixture of LNp from the turbine-side
journal bearing and the helium from the adjacent labyrinth buffer seal. The
line is ingtrumented for pressure (P4) and temperature (T4) and connected to
an air-actuated drain valve (11). As with the other drain line, pressure is

waintained at about (8.9 kPa (10 psi) above saturation pressure.

7.1.3 GNo9 Turbine Supply System

High-pressure GNp is storeod in a battery of tank trailers near the test site,
A line from the trailers gces to a dome loader regulator (39) which reduces
the GNy pressure to the range of 1724 to 2068 kPa (250 to 300 psig). A run
tank downstream of the regula-or provides a local capacity. This is followed
by a 10-micron filter. The Gl'p2 flow then passes through two control valves
{12 and 14), splits and enters the turbine through two diametrically opposed
ports (Cl A, B). The turbine exhausts to atmosphere through a short tail

piece.

'The first valve (12) throttles the flow to maintain desired speed. It is
pneumatically actuated and can be controlled in manual or automatic mode. The
second valve (14) is an emergency shu:down valve. It is a fast-acting air
solenoid type requiring air pressure to open. It is equipped with a spring
which closes the valve on loss of air. A'r pressure is supplied by a remotely

operated electric solenoid valve designed to close on loss of power.
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The emergency shutdown valve (14) is used to perform the high acceleration
rate testing., To make a fast start, the speed control is switched to the manu~-
al mode and the diaphragm pressure of the speed control valve (12) adjusted to
provide the correct start-up flow., The actual setting is determined by trial
and error. Both tester overspeed trips are then lowered to slightly under the
maximum speed desired for the acceleration run. The emergency shutdown valve
is then manually energized. The valve quickly opens and the in-rush of gas
rapidly accelerates the turbine. Upon reaching the maximum speed, the valve

is closed by the overspeed trip and the tester coasts down.

7.1.4 Helium Supply to Labyrinth Seal

The labyrinth seals are supplied by the same tank trailer that supplies the
helium seals. A separate line connects to the tank located near the tester.
The line goes to a 10-micron filter, then to dome loader regulator (41). The
downstream pressure is gset to provide a 69 to 138 kPa (10 to 20 psi) pressure
difference between the labyrinth supply and the adjacent journal bearing
drain, This results in a typical labyrinth supply pressure of 517 to 586 kPa
absolute (75 to 85 psia). A pressure sensor (Pll) is installed in the line
which connects to the tester at Cl6. Inside the tester, part of the flow goes
toward the adjacent journal bearing and mixes with the LN bearing flow. The
combined fluids drain out through ports Cl5 A, B, C. (See Section 7.1.2.) The
other part goes toward the turbine, joins with a small leakage flow from the
turbine and exits the tester at ports Cl7 A, B, C, D. The connecting drain

lines join at a manifold and vent to atmosphere.

The original design of the tester used GNj as the buffer gas for the labyrinth
seal. It was found during - checkout, however, that some of the GNy was
condensing and forming puddles of LNy which ran into the turbine. The problem
was solved by changing the buffer gas to helium which has a much lower conden-

sation temperature.

7.1.5 GNg Purge

The facility contains four GNp purge lines These were used before and after

all tests to prevent moisture contamination. Purge gas is supplied by a
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862 kPa (125 psia) GNg instrument manifold supplied by the high-pressure GN3
tank trailers through a reducing regulator. The manifold is filtered with a
10~micron (nominal) filter. Each purge line is equipped with a regulator
followed by a remotely operated electric solenoid valve and a check valve.,
This allows individual flow rates to be set and independent operation of each
line. One purge line goes to the helium seal drain cavity and a second to the
labyrinth seal supply line. A third line is connected to the LN2 supply mani-
fold while a fourth goes to the turbine inlet. The latter proved to be very

important because of the open exhaust on the turbine.

7.2 Controls

Due to the hazardous nature of the testing (especially in the LOX mode), all
fluid components requiring on/off operation or adjustment during operation of
the facility are designed for remote or automatic control. In addition, vari-

ous automatic shutdowns are incorporated in the controls.

Remote control is accomplished by on/off operation of a series of 12~V dc
relays. The switches which energize the relays are in a panel in the control
reom which is shown in Figure 7-7. The relays reside in a terminal box at the

test site and energize 110~V ac circuits,

All four purge valves (19, 20, 21, 22) and the drain controls air supply valve
(18) are electric solenoid valves directly controlled by 110~V ac circuits.
The pump £ill (15), tank £ill (17) and turbine trip (l4) valves are air-oper-
ated solenoid valves. The air to operate the air solenoids is controlled by
electric solenoid valves energized by the 110~V ac relays. For the boost pump
and vari-drive pump, the 110~V ac relays operate 440-V ac motor starting

circuits.

Control of the adjustable position valves and vari-drive speed control is
accomplished using double~throw, momentary-contact, center-off switches.
With the switch thrown in one direction, one of a pair of 12-V dc relays is
energized. Thrown in the opposite direction the other relay is energized.
One relay causes a gear motor to slowly rotate in one direction increasing a

valve or motor speed setting while the other relay causes reverse rotation of
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the same gear motor, decreasing the setting. For the vari-drive pump speed
control is implemented by the gear motor changing belt pulley ratio in the
transmission. The pump bypass valve (1l§) is adjusted by direct rotation of a
ball valve. The LNy manifold bypass valve (2), helium seal supply regulator
(25), labyrinth seal supply regulator (24), and turbine speed control (manual
mode only) valve (12) are air-actuated devices whose settings are controlled
indirectly by motorized regulatcrs, themselves operated in the manner
described.

Several emergency shutdowns are incorporated. Emergency shutdown of the test-
er is achieved by de-energizing the turbine trip solenoid. This can be done
manually by a switch on the control panel or automatically by alarm modules

operating on selected parameters. These include:

* Overspeed (S1)

* Overspeed (52)

High outboard seal surface temperature (T1Z)
* High inboard seal surface temperature (T13)
* High tester housing vibration - axial (X1)

* High tester housing vibration - radial (X2)
* Low thrust bearing supply pressure (P1l4)

* Low journal bearing supply pressure (P13)

Each alarm contains a normally closed contact in series with the 12-V dc relay
controlling the turbine trip valve (l4). If any limit is exceeded, the
turbine is tripped. All alarms operate in a latching mode requiring a manual

reset before the trip valve can be re-energized.

An emergency facility shutdown circuit and LN; deluge system are also built
in. They are controlled by separate switches on the control panel and are
designed as safeguards to be used in the event of a fire or similar catastro-
phy during LOX testing. Opening the emergency shutdown switch shuts off the
power to many of the 12-V dc relay circuits. This trips the turbine; shuts
down both pumps; closes both the LN tank fill and pump fill valves; and opens
all LNp drain valves. Opeﬁing the LN7 deluge switch opens an air solenoid

valve admitting 172 to 207 kPa (25 to 30 psig) LNy to a perforated manifold
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adjacent to the tester., A massive flow of LNp inundates the tester area and

would help to smother an oxygen fire.

Three automatic control systems are incorporated in the test facility. One
controls turbine speed while the othar two are identical and control the pres-

sure in each of two bearing drain lines.

The turbine speed control system allows either manual or automatic operation.
In the manual mode, the pressure in the diaphragm of the speed control valve
(12) and, hence, the GHp flow and turbine speed, is set using a motorized
regulator operated from the control panel. This mode was used for all slow

speed starts and was found to be quite satisfactory at high speeds.

In the automatic mode, the valve is controlled by Woodward Model 2301 elec-~
tronic governor operating in conjunction with a valve positioner. The desired
speed is set using a potentiometer ccnnected to the governor. A speed signal
(S1) from the tester is electronically compared with the speed setting., The
difference or error signal iy then amplified and sent to the positioner which
changes the diaphragm pressure to raise or lower the tester speed to equal the

desired setting.

The LN2 drain pressure control system is used to automatically control the
pressure upstream of the drain valve to about 69 kPa (10 psia) greater than
the saturation pressure. A vapor bulb in the drain line is charged with
nitrogen gas prior to cold testing. The charge pressure is calculated such
that the fluid in the bulb is a mixture of gas and liquid throughout the entire
range of drain temperatures during cold operation. Since the bulb and the
drain fluids are at a common temperature and the bulb fluid is two-phase, the
bulb pressure is also the saturation pressure of the drain fluid. The bulb
pressure and the actual drain pressures are then measured by a differential
transducer. The output signal of the transducer is fed back to the differen~
tial controller which compares it with the desired 69 kPa (10 psia) pressure
difference and adjusts the setting of the drain control valve to raise or

lower the drain pressure accordingly.
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7,3 Instrumentation

Instrumentation was installed to measure film thickness, shaft displacement,
shaft speed, tester vibration and various temperatures, pressures, and flows,
Table 7-1*% provides measurement and sensor details. The identification code
indicates the type of sensor and its number; e.g., P5 is Pressure Number 5.
The location code indicates whether the sensor is in the test rig (T) or
installed externally (E). Those installed in the test rig are shown in Figure
7-9 while the external sensors are depicted in the piping schematic shown in
Figure 7-8. The test code indicates the tests during which the sensors were
used; e.g., A - all, 1 - seal test No. 1, etc. The following sections discuss

the measurement and sensor types.

7.3.1 Film Thickness and Shaft Displacement

Special design capacitance probes supported by MTI's Accumeasure™ System 1000
amplifying and conditioning components were used for these measurements.

Specifications for the Accumeasure System 1000 are given in Table 7-2.

The basic construction features of the capacitance probes are shown in Figure
7-10. Due to the large temperature range and auticipated future use in liquid
oxygen, Aspecial materials are used in their construction. The seal film
thickness probes are constructed using 42% iron-nickel. This was chosen
because its expansion rate is very close to that of the carbon-graphite nnw
used in the helium seal rings. The shaft displacement prnbes are fabricated
from 304 stainless steel which provides good low temperature properties and a

suitable expansion rate.

Eccobond 104 epoxy manufactured by Emerson Cummings is used to bond the inter-
nal parts together. The proper choice of adhesives was of great concern
because of the need for good dimensional stability and high bond strength when
subjected to repeated thermal cycling. Eccobond 104 proved to be considerably

stronger and harder than several other epoxies and polyurethane adhesives that

*Tables are presented consecutively, beginning on page 7-30.
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were screened during the design stuge. Additionally, it was found to retain
most of its bond strength when used in a typical probe construction and
repeatedly cycled between 21°C and =196°C (70°F and ~321°F).

While no LOX was used during the helium seal testing, the probes were designed
with its use in mind for future work. The principal hazard is material
ignition. The metal parts are quite safe due to their high ignition temper-
atures and high thermal conductivity. The epoxy, however, is highly combusti-
ble and definitely an area of vulnerability. To minimize this hazard,
Refset™, a special fluoroelastomer compounded by Raybestos Manhattan Corpo-
ration, 1is used as a protective overcoating, both in the interelectrode
grooves at the top of the probes and near the connector on the other end. The
material was developed specifically to be used as a protective barrier and
will not burn in an oxygen atmosphere.

7.3.2 Seal Film Thickness Probes

Two methods were used to measure gseal film thickness during the testing. One
uses a differential approach while the other provides a direct measurement.
The former employs two probes for each measurement, one observing the back of
the seal ring and the other the surface of the seal runner. The film thickness
is derived by measuring the difference between the outputs. Both vertical and
horizontal measurements are taken on both the inboard and outboard seal rings.
Two common seal runner probes are used, one gerving both the inboard and
outboard seal probes in the vertical direction and the other providing a simi-
lar arrangement in the horizontal orientation. Figure 7-1l shows the differ-

ential probe installation.

The probe has an outer tip diameter of 5.0 mm (0.197 in.) and an interelec-
trode diameter of 2.67 mm (0.105 in.). It is calibrated to have a range of
0.127 mm (0.005 in.) in air or helium. Figure 7-12 shows the detailed
construction which followed MTI's standard practice and used the materials

previously discussed.
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The differential method, which was employed during the first three seal tests,
proved troublesom: and yielded poorer results than we had hoped for. Several
of the problems encountered are described as follows:

l. Thermal Distortion of the Runner. With LN surrounding the inboard

face and gaseous helium on the outboard side, the runner assumes the
shape of a truncated cone. [hus with the reference probe measuring
at the center rather than under the seal rings, the inboard geal film
thickness would be understated while the outboard seal £ilm thick-
ness would be overstated. In either case, the amount is estimated to
be about 0.0056 to 0.0085 mm (0.0002 to 0,0003 in.).

2. Thermal Distortion of the Seal Housing. This is due to the temper-

ature gradient across the seal housing resulting in the probes which
are located closer to the bearings; i.e., the cold section of the
tester, moving closer to their target than the more outboard probes.
This has an opposite effect to that caused by the runner and tends to
overstate the inboard film thickness and understate the outboard
film thickness. The amount is a direct function of the temperature
difference between probes (seal probes and runner probes) and is
about 0.00183 mm/°C (0.00004 in./°F).

A direct measurement of seal film thickness using embedded probes in the outer
gseal ring was made during the last seal test. Refer to Figure 2~23 for the
arrangement and to Figure 2-24 for a photo of the actual ring. The tip geom=
etry provides for a range of 0.076 mm {0.003 in.) The lead-off cables consist
of 0.33 mm (0.013 in) diameter copper-clad cable chosen to minimize the
mechanical impedance impogsed on the seal ring. The diametrally opposed probe
pairs allow measurement not only of the instantaneous film thickness but also
the mean film thickness and the ring eccentricity. The 1.22 to 1,92 rad (70°
to 110°) angular spacing of the probes is needcd to avoid drilling through one
of the three antirotation slots in the seal ring and to place the probe tips in
the bearing pockets. The metal parts of the probe are constructed of 427%

iron-nickel alloy to match the expansion rate of the seal ring.
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7.3.3 Shaft Displacement Probes

Five probes are installed to observe the shaft, four radial and cne axial.
The radial shaft probes are installed in x~y pairs slightly inboard of the
hydrostatic journal bearings. The probes are mounted in extension tubes and
gecured to and adjustable from the outside of the tester. The axial probe is
installed in the seal cavity and observes the edge of the helium seal runner
as shown in Figure 7-~11,

The radial probes have an outer diameter of 5.00 mm (0.197 in.) while the
axial probe has a diameter of 3.18 mm (0.125 in.). The latter is conscructed
without a grounded outer shield and has a smaller inner electrode to accommo-
date a space restriction, Both sizes of probes are calibrated to have a range
of 0.12% mm (0.005 in.) in air and 0.191 mm (0.,0075 in.) in LNp. Figure 7-12

shows the detailed construction of each probe.

7.3.4 Shaft Speed

Shaft speed is measured using two separate probes. A Bently-Nevada Model 300
eddy-current probe 1is mounted thorugh a radial hole to observe a notch
machined into the outer diameter of the thrust collar. The second probe
consists of a Spectral Dynamics Model SD43-~GPT-1 fiber optic probe mounted
through the turbine casing to observe a single bright mark on the turbine nose
cone. Both speed measurements are independently connected to readouts and

automated shutdowns.

7.3.5 Vibration

Two Endevco piezoelectric accelerometers are stud-mounted to the seal end of
the test rig. One sensor ig¢ fixed in the vertical direction and the other in
the axial direction. The accelerometers are connected to oscilloscope read-

outs and automatic sliutdown devices.
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7.3.6 Pressures

Validyne Model DP-~15 variable reluctance pressure transducers are used to
measure fluid pressures. Meter readouts or strip chart recordings are
provided. Bearing supply pressures are additionally connected to low pressure

automatic shutdowns.

7.3.7 Flows

Both the helium seal supply flow and the outboard seal leakage flow are meas-
ured using calibrated Venturi flow meters. The flow meter pressure drops are
sensed with variable reluctance pressure transducers operating in a differen-
tial mode. The inboard seal flow is derived as the difference between the

supply and the outboard drain flows.

7.3.,8 Temperatures

Copper constantan thermocouples are employed. Fluid temperatures are meas-
ured using sheath-type sénsors inserted in the flow stream through
pressure-tight fittings. Seal ring surface temperatures are sensed using

small diameter embedded thermocouples,

7.3.9 Data Acquisition Equipment

Figures 7-6 and 7-13 pronvide an overall view of the control room and a simpli-
ficd schematic of the data acquisitiun equipment, respectively. Detailed

schematics of the instrumentation system are provided in Appendix B.

Oscilloscopes are the principal means for monitoring the dynamic data from the
test rig. They provide x-y displays of the radial capacitance probes to show
rotor orbital motion and position with respect to the bearing at each end of
the rotor and vertical and horizontal seal film thickness at both inboard and
outboard seals. Dual trace swept oscilloscope displays are provided for test
rig housing vibration. One speed signal is displayed on a panel meter, while

the othe. .s recorded on a strip chart recorder.

7-13




A Honeywell Model 101 28-channel FM magnetic tape recorder is used to record
all dynamic test data. A time code is also recorded to permit synchronizing

the tape recorder with the data logger.

Static data consisting of pressures, tcmperstures, and flows are individually
displayed in the control room using panel meters and a strip chart recorder.
Some of the panel meters are equipped with alarms to provide automatic ‘hut-

down in gselected parameters.

A Fluke Model 2280 data logger is used as the principal means of recording

test data. All test parameters excepting test rig vibration are included.

Data signals are serially recorded with a full scan cycle of 2 to 3 s. The’

value of each test parameter along with the time at which the data scan is
initiated is transmitted through an RS-232 digital output to a Columbia Data
Products Model 300D digital cassette recorder tape storage system. Digital
cassette recordings of test runs are played back and entered into MTI's IBM

4341 mainframe computer system for analysis.
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viewing Test Rig from Seal End.

TABLE 7-1
INSTRUMENTATION MATRIX
v v S
1448 r A (1)Jnl.brg., S~End Rad. Shafc Displice.
Horiz. R
iR Jal.Brg., £ End
Vere.
283 Jaol.Brg., T-End
Horiz.
e + Jal.Beg., T-End {
Vere,
ZE9 =3 (2)0th. Seal Ring Helium Seal Film Thick.
12 o'clock
2E10 Seal Runner, 12 o'c.
ZE1L Inb., Seal Ring
12 o'clock
812 Otb. Seal Ring, J o'c.
2E1) Seal Runner, 3 o'c.
2814 , Inb. Seal Ring, ) o'c. 1
ZELS A Seal Cavicy, Axial Dir. Axial Shaft Displace.
2E20 . Otb. Seal Ring, Helium Seal Film Thick.
10 o'clock
IE21 Otb. Seal Ring,
12 o'clock
K22 Otb, Seal Ring, 4 o'c.
K23 B Otb. Seal Ring, 6 o'c.
]
SEL T A Turbine Wheel Shaft Speed
SE2 Thrust Runner
XE1 Seal Housing, Axial Dir. Vibracion
XE2 + Seal Housing, Vert. Dir.
PEL E LNz Supply Manifold Pressure
PE2 Otb., Hellum Seal Drain
PE3 Main Bry. Drain
PE4 Brg./Laby. Seal Drain
PES Helium tupply Manifold
PEL0 Turbine I[nlet
PELL Laby. Seal Supply
PE12 Helium Seal Supply
PE1] Jnl.Brg. Jupply
PELL Thrusc Bry. Supply
PELS Otb. Hel. Seal Drain Flow
PE20 Hel. Seal. Supply Flow v
TEl LN2 Supply Manifold Temperature
TE2 Otb. Helium Seal Drain
™ Main Brg. Orain
TEA Brg./Laby. Seal Drain
TES v v Helium Supply Manifold
TE6 T 1=3 Jnl.Brg. Recess, S~End
TE? Jnl.8rg. Recess, T-End
TES Thrust Brg. Recess,
S~End
v Thrust Brg. Recess,
T-End
TE10 E A Turbine Inlet
TELL ' Laby. Seal Supply
TE12 T Otb. Helium Seal Ring
TE1l) ‘ Inb. Helium Seal Ring v
(1) S-tnd refers to Seal End uof Test Rig,
T-fnd refers to Turbine End of Test Rig.
(2) Clock positions are references to 7-30

Jifferent

Direct Method
(embedded probes)

8,042 rad/s(77K rpm)
High Alarm

1.0 G peak,
High Alarm

3.45 MPa (500 psig)
Low Alarm

.

4% (40°M
High u;n
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TABLE 7-2

MTI ACCUMEASURE™ sySTEM 1000
REQUIREMENTS AND SPECIFICATIONS

Requirements
Probes! (22) ALl Special Design
Amplifiers: (11) AS1023~PA Probe Amplifiers
(1) AS1041-SA Summing Amplifiers
(2) AS1032-MD Analog Display Unit

Housings: (2) AS1011-H Instrument Housings

Specifications

Probe Amplifier (AS1023-PA)

Linearity: +0.3% of Range, 10-100Z Range

(25-ft Cable)

Frequency Response: 3 db at 5 kHz

Output Noise: 40 mv Peak-to-Peak at Full Scale
Probe Voltage: 5 V rms Maximum
Output Signal: £10 V dc, 100~ohm Output Resistance

Summing Amplifier (AS1050-SA)

No. of Channels: Two Channels Summing to One Output

Gain: Unit *0.1%
Output Signal: £10 V dc

Analog Display Unit (AS1032-MD)

Meter: 0-100% Vertical Scale

Accuracy: 2%

7-31
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8.C TEST PLAN FOR THE RAYLEICH-STEP, HELIUM BUFFER SEAL

The program called for the testing of the following two types and sizes of
seals:

1. 50-mm and 20-mm spiral=-groove LOX face seals
2. 50-mm and 20-mm Rayleigh-step, helium buffer floating ring seals.

Due to budgetary constraints, only the 50-mm helium seals were tested. In
accordance with the final test plan, four seal packages were installed and

tested.

8.1 Test Description

Four types of tests were to be conducted on the seal packages consisting of:

1. Normal steady-state demonstration test runs

2. Acceleration test runs

3, Test runs with axial runout built intoc the LOX seal mating ring
4, Test runs with axial motion imposed on the shaft

All runs were to be conducted in LN7 and repeated in LOX after verifying the
operational integrity of the test rig and seal package. Because the testing
was cut back to include only the helium seals, several of the above program
features were eliminated. The test runs imposing axial runout and externally
applied axial motion were eliminated because the motion was not relevant to
the operation of the helium seals which are sensitive only to shaft motion in
the radial direction. Secondly, because the seal working fluid was helium,
the use of LOX to energize the test rig bearings was not necessary. Thus, LN3
was used instead, eliminating the need to repeat runs and greatly reducing the

risk of fire.

8.1.1 Steady-State Tests

These tests were planned to prove the basic operational ability of the seals.

This provided the opportunity to test the seal's endurance and to exper-

8-1
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imentally examine the parametric relationships governing actual porfor-ancc;
The former addressed the specific program objective which requires one hour of
cumulative test time on each of three seals with at least one half of the total
test time at a shaft speed of 7329 rad/s (70,000 r/min) and a supply pressure
of 1379 kPa absolute (200 psia). The latter provided the necessary basis to
verify the theoretical analyses used in the design stage, also a requirement
of the program.

While the design requirements of 1379 kPa absolute (200 psia) supply pressure
and 7329 rad/s (70,000 r/min) shaft speed were clearly the operational goals
of the testing, preliminary operation at lower speeds and pressures was neces=
sary to .nin a clear understanding of the mechanisms at work and to minimize
the risk of damage either to the seals or the test rig. Thus, the testing was
conducted in a step~by-step manner proceeding from relatively safe operating
points to conditions more and more demanding of the seals. Figure 8~1% shows
the seal operating map which illustrates a typical sequence of test points.

The principal test variables were helium supply pressure, speed, inboard drain
pressure, and outboard drain pressure. Their selection is discussed below:

1. Helium Supply Pressure. A full range of supply pressures was planned for

each speed going from a minimum of slightly over the inboard drain pres-
sure, about 517 kPa absolute (75 psia) to the full design pressure of 1379
kPa absolute (200 psia). The progression of supply pressures generaly
went from low to high at given operating speeds. As the test speeds
increased, so did both the minimum and maximum value of the supply pres-

sures.

2. Speed. Because low speeds do not favor the development of good hydrody-
namic films, the minimum dwell speed was arbitrarily set at 3665 rad/s
(35,000 r/min). During all starts the tester was to be quickly brought up
to this speed before steady-state operation was attempted. The speed was

*Figures are presented consecutively, beginning on page 8-14.
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then to be increased in increments of 524 rad/s (5000 r/min), taking data
at each dwell point up to the design speed of 7329 rad/s (70,000 r/min).

In practice, dynamic problams in the tester restricted safe operation to
between 4712 rad/s (45,000 r/min) and 5235 rad/s (50,000 r/min). Thus,
for the first three seal sets 3665 rad/s (35,000 r/min), 4118 rad/s
(40,000 r/min) and 4712 rad/s (45,000 r/min) were selected as the primary
dwell speeds. Because of test rig modifications, it was hoped that the
fourth seal test would achieve higher speeds. Actual operation did extend
to 5968 rad/s (57,000 r/min); however, higher speeds were precluded by a
seal failure.

Inboard Drain Pressure. Since the helium flowing through the inboard seal

mixed with the adjacent LN bearing leakage flow, its pressure was the
same as the main bearing drain of the test rig and was thus dependent on
test rig operation. Actual values were 517 kPa absolute (75 psia)
although variations of £35 kPa (5 psia) were observed. After the addition
of the labyrinth seal prior to the fourth seal test, the drain pressure
was boosted to 637 kPa absolute (92 psia) because of the need to maintain
an intermediate pressure in the newly created cavity.

Lacking arbitrary control of the inboard drain pressure posed several
problems. The principal concern was that it limited the minimum supply
pressure that could be applied. From Figure 8-1, it is easily seen that
the range of drain pressures clearly eliminated most of the "safe" region
for lower test speeds forcing most of the operation into the "high fric~
tion" region. Secondly, while the frictional forces were a function of
the absolute supply pressure, the leakage flows were more closely associ~-
ated with the pressure drop across the seal. The high drain pressure thus
presented a built-in imbalance resulting in a high-friction, low-flow

condition at any supply pressure.

Outboard Drain Pressure. The helium exiting the outboard seal went to a

separate, independently controlled drain. The pressure drop across this
seal could thus be controlled to the same value as the inboard seal or
increased up to the gage pressure of the supply. The latter would tend to

g e —




increage tte flow and more clogely approximate the operating conditinns
envigioned during the design. Thus, it was planned to increment the
outboard drain pressure from 517 kPa absolute (/5 nsia) to 103 kPa absc—
Lute {15 psia) during the testing. This permitted the study of a muck
wider range of outboard seal flow conditions than could be achieved with

the inboard seal.

8.1.2 Acceleration Tests

These tests were planned to demonstratre the ability of the seals to survive
repeated start-ups at high rates of acceleration with full supply pressure
applied at the start of the run. The program required two seal sets to be

subjected to at least 50 starts each at an average rate of 152 m/s% (500
fe/s?).

Because of the tester dynamics problem, the acceleration runs which were
conducted on the second and third seal sets were terminated between 4188 and
4712 rad/s (40,000 and 45,000 r/min.) A.. starts were at a nominal rate of 500
fr/s? resulting in an acceleration time of about 0.7 to 0.8 s. The acceler=-

ation tests were conducted after the completion of the steady-state runs.

The helium supply pressures applied during the fast starts were increased over
the course of the two test series. The first series conducted on Seal Ser No.
2 were at a pressure of 931 kPa absolute (135 psia). Those on the third seal
set were done at several pressures progressing from 1069 to 1482 kPa absolute
(155 to 215 psia).

The planned operating scheme consisted of switching on the solenoid operated
trip valve (14), accelerating the test rig and then switching the valve off
using an overspeed circuit. This resulted in a controlled acceleration

followed immediately by a coastdown.

Because the acceleration runs would be very brief, no steady-state data could
be taken to assess the condition of the seals tn determine if any damage had
taken place. Thus, periodic conventional starts were planned to allow the

tester to run for a period of 'S min and achieve steady state conditions.
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8.2 Tegt Schedules

Tables 8-l to 8-6* present the test schedules describing the steady-state runs
for Seal Sets No. 1 = No. 4 and the acceleration tests for Seal Sets No. 2 and

No. 3.

The test schedules were based on several important considerations: (l) the
final test plan (2) the results of the test rig checkout tests and (3) the
results of the ongoing seal tescs. The final schedule for each seal set wag
written just before the test and tailored to the latest test results. This
was done to maximize the experimental yield and minimize the risk of damage to
both the seals and the test rig. Some changes were also made during the actual
testing. These consisted primarily of eliminating data points at ronditions
of high vibration although several other insitu modifications were also imple-

mented.

8.3 Test Procedures

8.3.1 Preparation of Test Kig at MTI

All test rig parts were checked for dimensional and material conformiry in
accordance with MTI's quality assurance program. All test seal parts were
given a complete dimensional inspection by Stein Seal Company at their facili-
ties in Philadelphia, PA. The inspection reports are fully documented and

available for NASA review.
The test rig was completely assembled including the instrumentation and the
50~mm helium seals to make sure there were no problems with anticipated

fitting of parts. The rig was then disassembled, cleaned, reassembled, crat-

ed, and shipped to the test Lab.

*Tables are presented comsecutively, beginning on page 8-17.
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8.3.2 Preparation of Test Facility and Tést Rig at Wyle Laboratories

A test site was prepared including all test loop components, transducers,
control room, and connections to the required fluid storage facilities. An
area for the test rig assembly, inspection, and parts storage was also set up.
All test loop instrumentation was calibrated in accordance with the procedure
in Section 8.3.5 prior to installation in the test loop and at various times
during the course of the testing., All test loop components were thoroughly
cleaned. The tester was then assembled in the test loop. All equipment was
thorcughly checked out and debugged, including verifying all instrument
connections to the control room and exercising all controls.

8.3.3 Test Facility Operating Procedures

During the design and checkout of the test facility, a detailed operating
procedure was developed. This covered all steps from initial energizing of
the facility to the point of establishing stable minimum speed operation, and
from the point the test rig was shut down to the final shutdown of the facili~
ty. The procedure during the runs was covered by the individual test sched-
ules. The operating procedure follows:

1. Open LN2 supply line (# 62)

2. Pressurize main LN storage tank to 0.17 MPa (25 psig) (# 61)
3. Open LN run tank fill valve* (# 17, # 45)

4, Verify tank filling.

5. Record CNp trailer pressure

6. Record GHe trailer pressure

7. Record GN2 shop supply pressure

8. Record vapor bulb pressure 0.21 MPa (30 psig)
9. Lock off vapor bulbs.

10. Record flow meter sizes

11. Open GN2 shop supply valve to manifold (#58)

*A,B indicates valve to be operated. Valve A is principal valve; Valve B,
where applicable, controls action of Valve A.

8-6
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12,
13.
L&,

15.

l6.
17.
18.
19.
20.

21.
22.
23.
24,
25.
26.
27.
28.
29.
30.
31.
32.
33.

34,
35.
36.
37.
38.
39.
40.
41.

43.
44,

Verity control panel switches In pre-test pusition

Activace control panel using key switch

Verify main alarm indicator light is in trip mode

Set all motorized r2gulators and valves with momentary switches to
pre—~test conditions

Verify transducers zeroed and B-nuts torqued

Verify transducer isolation valves open

Turn on and verify operation of all instruments at test site

Verify all alarms are in latching mode

Open and verify purges: labyrinth seal cupply, LN2 manifold, test geal
cavity, turbine.

Open pump fill solenoid valve (#15, #44)

Close pamp bypass pressure control valve (#16)

Close LNy supply manifold bypass pressure control valve (#2, #23)

Allow 15 min. for purge ol LNy manifold and tester

Verify deluge hand valve (#52) closed

Verify GN9g turbine run tank is at 0 psig

Perform ambient accelerometer tap check

Verify manual turbine speed control regulator (#31) is at zero pressure
Verify turbine control valve (#12) and turbine trip valve (#l4) are closed
Verify power plug disconnected from turbine trip solenoid (#29)

Verify GN7 run tank regulator (#39, #34) closed

Verify GN9 supply trailers (2 each) are open

Slowly pressurize GN7 turcine run tank to 100 psig using hand regulator
(#34) on domz loader (#39)

Verify no flow to turbine

Verify GHe supply pressure regulator #25 15 tully closad

Slowly open GHe ullage and verify no tlow to PS5 or PL1

Open GHe supply from trailers

Close purge labyrinth seal supply and purge test seal cavity.

Open labyrinth seal supply (#41, #24) until P11l is MPa (10 psig).

Turn on hydraulic breaker and pump.

Verify hydraulic supply pressure is 0.52 MPa (75 psig)

. Open GHe supply regulator (#40, #25) until P5 is 0.28 MPa (40 psig)

Start Soltec recorder

Adjust GHe manual control (Z) pot until P12 is 0.21 MPa (30 psig)

8~7



45, Verify P12 = 0,21 MPa (30 psig)

46, Verify LN2 run tank full

47, Close purge solenoid (3) LN2 manifold

48. Verify tank level control setting

49, Fully open pump bypass valve (#16) and verify

50. Fully open LN2 supply manifold bypass valve (#2, #23)

51, Close valves #5 and #6

52, Clear test pad area

53. Turn on boost pump breaker

54. Start boost pump

55. Increase LN7 supply manifold pressure Pl to 0.28 MPa (40 psig) using pump
bypass pressure control valve (#16).

56. Verify no fluid leaks

$7. When Tl is less than =185°C (=301°F), begin cool down of tester by opening
valves #5 and #6

58. Verify tester chilldown, record T6, T7, T8, and T9.

59. Perform a cold turbine torque check

60. Perform a cold accelerometer tap check

61. Close pump bypass pressure control valve (#16) completely

62, Verify varidrive speed control at minimum

63. Verify turbine trip solenoid valve switch is closed

64, Verify turbine trip solenoid valve (714, #29) is closed

65. Increase setting of labyrinth seal supply regulator (#24) on dome loader
(#41) until P11 is 0.52 MPa (75 psig)

66. Turn on varidrive breaker

67. Clear test pad area

68. Start varidrive

69. Fully close bypass valve #2

70. Increase varidrive speed to set Pl to 1. MPa (150 psig)

71. Increase pressure in GN2 turbine run tank to 2.41 MPa (350 psig) using
hand regulator (#34) on dome loader (#39)

72, Verify no flow to turbine

73. Increase GHe manifold PS5 to 1.04 MPa (150 psig)

74. Open drain valves air supply valve (#18)

75. Verify controller #68 and #69 at proper pressure

76. Verify that P2 = P3 psig
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77. Verify that P12 = P2 + 0,21 MPa (30 psig)

78. Perform cold turbine torque check

79. Plug in power lead to turbine trip solenoid

80. Clear test pad area

8l. Slowly increase varidrive speed to bring Pl to 4.14 MPa (600 psig)

82, Verify P13 and Pl4 are at least 3.80 MPa (550 psig)

83, Verify P2, P3 and P4 are at their proper pressures

84, Verify P6, P7, P8, P9 are at their proper pressures

85. Zero capacitance probe amplifiers

86. Verify Honeywell tape recorder ready

87. Verify Fluke data logger and Columbia digital recorder ready with normal
scan group sequence

88. Start data logger/digital recorder

89. Verify all test personnel ready

90. Verify turvine control mode switch set to center-off position

91. Reset all alarms except turbine trip

92, Verify alarms are set by observing main alarm indicator light

93. Set manual speed control valve (#26) to minimum

94, Verify manual speed control pressure is zero

95. Verify auto speed control potentiometer set to provide minimum speed

96. Verify auto speed control pressure is zero

97. Announce "ready to start"

98. Start Honeywell recorder

99. Switch turbine trip solenoid to ON position

100, Switch turbine speed control mode to manual and slowly increase manual
control pressure until turbine starts ro rotate

101, Verify Sl and S2 operation

102, Using manual speed control switch, ramp speed to 3665 rad/s (35,000
r/min)

103, Verify manual control pressure are equal

104, Switch turbine control mode to auto

105, Using auto speed control potentiometer, adjust turbine speed to 3665
rad/s (35,000 r/min)

106. Verify stable operation

107. Adj1st GHe manual control (Z) pot for 0.0 VDC

108, Increase PS5 to 2.41 MPa (350 psig)
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109. Follow scheduled test plan lj
110. Ad just GHe manual control (Z) pot tor 0.5 VDC ‘
111, Turn turbine trip solenoid (#l4, #25) off [j
112, Turn turbine control mode switch to center-off position.

113. Open purge solenoid (2) turbine [)
114. Set manual speed control valve (#26) to minimum J
115. Allouw all recorders to run until speed reaches zero .
116. Switch Honeywell recurder and Jdata logger/digital recorder off i!
117. Decrease varidrive speed to minimum -
118. Perform culd turbine torque check . a

119. Switch varidrive off

120. Switch boost pump off

121. Unplug power lead to turbine trip solenoid
122. Close drain valve air supply solenoid (#18)
123. Verify P2, P3, P4 at zero pressure

124, Decrease setting of labyrinth seal supply regulator (#41, #24) until Pll -
is 0.06 MPa (10 psig) .

125, Ve-ify P12 = 0.2]1 MPa (30 psig)

126. Verify supply .anifold bypass valve (#2, ¢23) and pump bypass valve (#16) Lo

are closed
127. Close pump fill valve (#15, #44) and tank fill valve (#17, #45) |
128. Open purge solenoid LN7 manifold and test seal cavity
129. Ad just GHe manual control (Z) pot until P12 for 0.0 V dc
130. Switch Soltec recorder off

oy &

131. Shut down hydraulic system v -
132, Fully close GNp run tank regulator (#39, #34) -
133. Fully close labyrinth seal supply regulator (#41, #24)
134. Depressurize GNp run tank and verify zero pressure
135. Close GHe supply pressure control regulator (#40, #25)
J36. Close GHe supply trailer valve & GHe ullage

137. Open purge solenoid CNj seal

138. Return control panel to pretest condition (except for purge valves and

bypass valve (#2 and #16) -
139. Purge overnight -
140, Close all purge solenoids . s

141. Turn control panel key switch off - remove key

-t
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8.3.4 Pre- and Pogt-Test Inspection and . ssembly Procedures

Prior Lo the testing of each seal set, the test rig was removed from the test
facility and taken to the assembly area. Here, under clean conditions, the
seal rings and runners were installed. The assembled seal ring clearances
were then checked using the capacitance probes by manually moving each ring to
the extremes of its motion. These were logged and compared with the previous-

ly measured dimensions.

After each test series, the test rig was again taken to the assembly area. The
seal assembly was exposed and taken apart in a step-by-step manner. As each
piece was taken out, its zondition was visually assessed. Also, the seal
housing was observed for signs of wear debris and contamination as the disas-—
sembly proceeded. When disassembling the seals, after the failures of the
first and third seal sets, the seal rings were found to be tight on the runner.
Tn minimize any additional damage due to disassembly, the runner was chilled
using LN7. This caused the runner to contract and the seal rings to loosen
allowing them to be easily removed. On site, photographs were taken of the
damaged parts. Observations made during testing, assembly and particularly
disassembly activities were verbally recorded on a tape recorder and later

transcribed in a written test log.

After the parts were returned to MTI in Latham, New York, the bore of the
damaged seal rings and the outside diameters of the runners were measured for
comparison with the pretest condition. Also, additional photographs were

taken of the damaged parts including magnified views.

8.3.5 Instrument Calibration

Equipment used in the acquisicion of data was calibrated, evaluated, main-
tained and controlled to ensure its accuracy, stability and repeatabiiity in
accordance with MTI's quality assurance program which is based on MIL-Q-9858A.
The evaluation results were documented. The evaluation required wag dependent

on the type of equipment and its intended use.

8-11



8.3.5.1 Commercial Equipment. Commercial equipment for which sufficient

information was available relative to its accuracy, stability, and repeat-
ability were not evaluated if used according to established practices. Howev-
er, the equipment was calibrated and the results documented. Included in this
category were all pressure transducers, thermocouples, accelerometers, speed

pick-ups, instrument preamplifiers, and readout instrumentation.

8.3.5.2 Special Instrumentation. Spec.ally desigred equipment was evalu-

ated. The equipment was checked out prior to actual use by using actual test
procedures and conditions to verify the suitability of the equipment for use,
adequacy, stability, and repeatability. The capacitance probes used for film
thickness and rotor motion measurement fell into this category because of
their special size, material and use in cryogenic fluids. Capacitance probe
calibration was ac umnplished by generating a probe gap versus output voltage
curve. This established the sensitivity, range and linearity. Gap versus
voltage curves were generated for all probes at room temperature in air.
Additionally, those probes which were to operate in liquid nitrogen were cali=~
brated in that fluid at atmospheric pressure. Cold calibrations simulated
actual operating temperatures and fluid dielectric constants. The ability of
the probe to withstand the large temperature transients was tested by repeated
immersion in liquid nitrogen after which a visual inspection and both cold and

ambient gap versus voltage curves was made.

Calibration procedures, records, and evaluation documentation on data acqui-
sition equipment were maintained. This applies to instruments provided inter-
nally by MTI and to instruments provided by the test lab. This information is

available to NASA upon request.

8.3.6 Data Reduction

During the testing, data were recorded in three ways: digital tape cassettes,

analog magnetic tape, and strip chart recordings.
A Columbia Model 300D digital tape storage system connected directly te a

Fluke Model 2280 data logger serially recorded all test data, transducer iden-

tification codes, and the time of each data scan. This was the principal
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means of recording data throughout the testing. The data logger was triggered
to start recording before each test run and contii..J ntil after the testing
stopped. The approximately 40 transducer signals were completely scanned and
recorded every 3 s. Every fifth data scan was additionally printed out on a
paper tape to permit preliminary data analyses and provide a back up for the

digital cassettes. Figure 8-2 shows a typical scan.

The tape cassettes were returned to MTI after the test series for computerized
reduction. The tape cassettes were played back through an identical tape
storage system and into MTI's IBM 4341 mainframe comnuter. The data were
filed and output generated in various tabular and graphical forms for analysis
and comparison with theoretical predictions. In several cases, theoretical
relationships were simultaneously plotted with the experimental results.

Figure 8-3 shows a typical computer generated plot of this format.

Analog magnetic tapes and strip chart recordings provided additional documen-
tation of test data. Whereas the data logger sampled each signal every 3 s,
data were continuously recorded on parallel channels on the analog and strip
chart recorders. This was necussary to capture key data which varied rapidly
during transients such as the acceleration runs. Strip chart recordings were
taken of speed, seal supply pressure, drain pressures, flows, and seal temper-

atures during each run.

Magnetic tape recordings of speed, capacitance probe cutput, rotor and rig
vibration were also made. The tape recordings were reviewed and analyzed to
evaluate the dynamic behavior of the seal rings. Oscilloscope photographs

were taken for a permanent record.
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TABLE 8-1

SEAL SET NO. 1 STEADY STATE TEST SCHEDULE

! Ld

bl R

Shaft Helium Supply Outboard Drain
Data Speed Pressure (P12) Pressure (P2 nom.) Test Time
Point rad/s kPa, abs kPa, abs min.
1 4188 896 517 5
2 793 2
3 724
. ' 655
5 4188 896
6 4712 896
7 793
8 724
9 655
10 ) 896
11 4712 965
12 5235 965
13 896
14 793
15 724
16 655
17 ) 965
18 5235 1034
19 5759 1034
20 931
21 793
22 655
23 ] 1034
24 5759 1138
25 6202 1138
26 1034
27 931
28 793
29 1138
30 . 1241
31 6282 1344
32 6806 1344 \ ]
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TABLE 8-1 (Cont'd)

Shaft Helium Supply OQutboard Drain

Data Speed Pressure (P12) Pressure (P2 nom.) Test Time
Point rad/s kPa, abs kPa, abs min.
33 680€ 1241 517 2

34 1138

35 1034

36 931

37 793

38 B 1344

39 6806 1482

40 7329 1482

41 1241

42 1206

43 1069

A 931

45 793

48 1482

47 ] 1620 |

48 7329 1482 30

49 6282 1241 as needed
50 5235 1034 as needed
51 4188 896 L as needed
52 -0=- 896 517 as needed
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TABLE 8-2

SEAL SET NO. 2 STEADY STATE TEST SCHEDULE

B —

e d

_—————v -y ——

_T———

Shafc Helium Supply Outboard Drain
Data Speed Pressure (P12) Pressure (P2 nom.) Test Time
Poiat rad/s kPa, abs kPa, abs min.
1 3665 7124 517 5
2 655 2
3 586
4 793
5 862 517
6 862 310
7 793
8 724
9 655 ]
10 586 310
11 586 103
12 655
13 724
14 793
15 Y 862 103
16 3665 862 517
17 4188 562
18 793
19 724
20 655
21 931 517
22 931 310
23 793 1
24 793
25 724 310
26 u55 L
27 655 103
28 724
29 793
30 862
3l L ] 931 103
32 4188 931 517 !
33 4712 931
8-19




TABLE 8-2 (Cont'd)

o= wo l a5 B oo

Shaft Helium Supply Outboard Drain
Data Speed Pressure (P12) Pressure (P. nom.) Test Time
Point rad/s kPa, abs kPa, abs min.
34 4712 1000 517 2
35 862
36 793
37 124
38 655 517
39 655 310
40 724
41 793
42 862 )
43 931 310 1
4 931 103
45 862
46 793
47 724
48 " 655 103
49 4712 931 517
50 5235 931
51 1000
52 862
53 793 v
54 724 517
55 724 310
56 793
57 862
58 931 i
59 1000 310
60 1000 103
61 931
62 862
63 793 i
64 ] 7124 103
65 5235 931 517 1
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TABLE 8-2 (Cont'd)

Shafc Helium Supply Outboard Drain
Data Speed Pressure (P12) Pressure (P2 nom.) Test Time
Point rad/s kPa, abs kPa, abs min.
66 5759 931 517 1
67 1000
68 1069
69 862 517
70 862 310
71 931
72 1000
73 1069
74 862 310
75 862 103
76 931
17 1000 | \
78 5759 1069 103 1
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TABLE 8-3

SEAL SET NO., 3 STEADY STATE TEST SCHEDULL

Shaft Helium Supply Outboard Drain
Data Spead Prassurs (P12) Preassura (P2 nom.) Teast Time
Point rad/s kPa, abs kPa, abs min.
1 3665 655 517 5
2 793 a
3 931
4 1069 Y
5 1206 517
6 655 310
7 793
8 931
9 1069
10 1206 310
11 655 103
12 793
13 931
14 ﬁ 1069
15 3665 1206 103
16 4188 655 517
17 793
18 931
19 1069
20 1206
21 1344 517
22 655 310
23 793
24 ] 931
25 4188 1069 310
26 1206
27 L1344
28 655 103
29 793
30 931
31 1069
12 1206 ]
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TABLE 8-3 (Cont'd)

Shatt Helium Supply OQutboard Drain
Data Speed Pressure (P12) Pressura (P2 nom.) Tast T.me
Point rad/s kPa, abs kPa, abs min,
33 4188 1344 103 2
34 4712 793 517
35 931
36 1069
37 1206
38 1344 Y
39 1482 817
40 793 310
41 931
42 1069
43 1206
44 1344 v
45 1482 310
46 793 103
47 931
48 1069
49 1206
50 1 1344 ]
51 4712 1482 103
52 5235 793 517
53 Y3l
54 1069
55 1206
56 1344 Y
57 1482 517
58 793 310
59 931
60 1069
61 1206
62 1344 4
63 1482 310
64 \ { 793 103 ]
65 5235 931 103 2
66 1069
67 1206
68 1344
69 5235 1482 103 2
8-23
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TABLE B4

NEAL SET NO. 4 STEADY STATE TEST SCHEDULE
Shaft Hellum Supply Qutboard Nrain
Data 3pned Preavsura (PL2) Pressure (P2 nom,) Test Time
Point rad/ ¥ kPa, abs kPa, abs min.,
1 3665 827 517 3
2 4184 2
3 4712
4 5235 827
5 57%9 965
6 6282 1103
7 6806 1241
) 7329 1379 M
9 1379 o1y
10 1241 2
11 w103
12 955 \
13 827 517
14 1379 310
15 L1241
16 1103
i7 965
18 8327 310
19 1479 103
<0 al4l
2l 1103
22 ] 965
2 7324 827 103
o h282 1379 517
25 1241 ‘
2h 1107
27 965
28 y27 517
29 1379 310
30 1241
31 1103
32 965
33 v 827 310 Y
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TABLE 8~4 (Cont'd)

Shaft Helium Supply Outboard Drain

Data Speed Prassure (Pl2) Pressure (P2 nom.) Test Time
Point rad/s kPa, abs kPa, abs min.
34 6282 1379 103 2
35 1241

36 1103

37 965

38 ’ 827 103

39 5235 1379 517

40 1241

41 1103

42 965 1

43 827 517

44 1379 310

45 1241

45 1103

47 965 i

48 827 310

49 1379 103

50 1241

51 1103

52 | 965 1

53 5235 827 103

54 4188 1379 517

55 1241

56 1103

57 965

58 827 517

59 1379 310

60 1241

61 1103

62 965

63 837 310

64 1379 103

65 1 1241 103 \
66 4188 1103 103 2
67 965 L
68 V 827 103
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TABLE 8-5

SEAL SET NO. 2 ACCELERATION TEST SCHEDULE

Accelearation Rate Max. Speed Supply Pressurs, Drain Pressure Test Time
Run No. H = High L~ Low rad/s (P12) kPa, abs. (P2) kPa, abs min,

1-5 H 4188 931 517 1
6 L 5
7-11 H 1
12 L 5
13-17 H 1
18 T 5
19-23 H 1
24 L 5
25~29 H 1
30 L 5
31-35 H 1
36 L 5
37-46 H 1
47 L 5
48«57 H 1
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APPENDIX A

FLOW THROUGH HELIUM SEAL INCLUDING
INERTIA EFFECTS




NOMENCLATURE

Annular cross section area of seal

Radial clearance

Digcharge coefficient

Seal length

Downstream ambient pressure

Intermediate pressure immediately dowrstream of inlet
Intermediate pregsure at which flow becomes choked
Inlet pressure to seal region

Gas constant

Intermediate absclutg temperature

Absolute temperature of inlet gas

Fluid velocity

Seal eccentricity ratio

Ratio of specific heats of gas

Fluid viscosity

Fluid density

PRECEDING PAGE BLANK NOT FILMED
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There are two regions of flow to be considered over the sealing land:

(1) An inlet region where the flow is strictly inertial and is treated
as an orifice.

(2) A land region where both inertial and viscous effects are considered.

The unknown 1s the intermediate pressure between these two regions.

In the inlet zone, the flow is described by an orifice equation:

- L - y=lyl/2
2y \1/2 Py P, Y ‘(l-pi'—y—')

1 ACD y=-1 /ET: 1
where P, " pi/ps
Y
5 owlet [ 2o 2
Peyg Pg T+ | Y
Ifp; <p,y Secp, =p.. (choked inlet)
In the film regiom the following equations apply:
dp - av 12ul
pVv W = ——e——— V
dx dx Cz(l +.% EZ) (3
q=pv A, p=p/RT (4)
dp +(ﬂ)2 4 (L) -- 12u1 o 55
dx A dx lIp Cz(l +.% EZ) pA
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. 2
d | ( q d — l2ul g
== (pdp| = == (lnp) = ; (6)
dx LJ (A) dx 2 <1+-f;_- 52) A
Y=l

p=Pi7y /vy ' (7

RT, P

v-1

y Pi Ty =t *:;l (a2 1o [24) o —L2ul q
I+Y  RIg Py Pa Al Yy P, | c2/1+-§- 2y A (8

Y41 Y+
- v [ _ Y+l -
5 AP e
T Y \Apg Fa Psz Cz(l+-g- sz) A i
|
; 2 Cz(l-i-é- ez)A — a5 2 ?
_ Py 2 , 9= , 8= 2RTg| = (10)
9 Zeul RT, - % Ps ]
- ) !
O ol I R
2y i ™y -3 - Ba B )
Y1 -fi Pi Pa Y ln(.sa) q (1)
where Ei = T:L/Ts
da
Choking will occur at ;= =0

4py

Differentiate above equations with respect to Ea’ set d;/d;a = (, solve for

;a and call the value to obtained Fc.

2 3 .
- _ |8q i 1+Y 12
P. " |3y —;—-ixY” _ (12)

If P, < P,y Set p_, = p, (choked f£low)
For isothermal flow, set ¥= 1 in equatioms (11), (12).
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The flow through the inlet region is equated to the flow in the film region
and the intermediate pressure ;i is solved for numerically.
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