Sl S

oo

"

NASA Conference Publication 10181

Seals Code
Development
Workshop

Proceedings of a workshop held at
NASA Lewis Research Center
Cleveland, Ohio

June 14--15, 1995




NASA Conference Publication 10181

Seals Code
evelopment
Workshop

Proceedings of a workshop

held at and sponsored by

the NASA Lewis Research Center
Cleveland, Ohio

June 14-15, 1995

National Aeronautics and
Space Administration

Office of Management

Scientific and Technical
Information Program

1996






PREFACE

1. Large changes in direct operating costs plus interest (DOC +I) for a small investment in seal
technology particularly for small engines are supported by OEM’s and well documented by
Munson and Steinetz. For example, development of a film riding rim seal could reduce SFC by
1.8% in the regional engine and 5% in the turboshaft engines.

1.1. Engine secondary flows, cooling and parasitic, are 15 to 18 percent of the power stream
flows (up to 3 % per blade row); parasitic losses are 5 to 6% for regional and 8 to 9 % for
turboshaft. Seals and multiply connected cavities represent the interactive fluid dynamic
interface coupling.

1.2. Effective thermal management of engine flows calls for a clean sheet design approach.

2. Many IHPTET II goals have been met in tests, however, IHPTET III goals are difficult to
achieve. And, without the seals/secondary/primary flow interactions program, phase-III goals
can not be met - neither can AST or HSR goals. Critical sealing parameters include:

High surface speeds 1650 ft/sec

High operating temperatures 1600 F

Larger structural and aerodynamic loading (up to 2x for HSR)
Transonic flow fields

3. All rotating systems have runout and dynamic unbalance. Seals should be and in many cases
are used to enhance rotor stability

3.1 All seals must afford compliance either by clearance control or compliant materials.
Reduced engine dynamics or tolerance to shaft excursion implies closer control of leakages
Reduction of leakages implies increases in engine pressure ratios, larger operating envelopes, and
higher efficiencies.

3.2 Smaller clearances imply increased sensitivity to dynamics, e.g., unshrouded rotor stages.

3.3 Applications of seal enhanced rotor stability to magnetic bearings will reduce dynamic
bearing load, control power, and backup bearing requirements as well as dampers.

3.4 Seals were the nemeses of the SSME turbopumps until Black, von Pragneau, Fleming,
Childs, Hendricks, Rocketdyne, NASA et al. provided data and developed methods to stabilize
these turbomachines seals and bearings. The success of the program represents a major
milestone in Space Exploration.

4. Significant benefits of tribopairing of interface materials can be derived in general and for
brush seals in particular.
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4.1 Bristle and bare shaft material transfers in both heated air and cryogenic testing leaves
interface wear and life to be the Achilles heal of the brush seal.

4.2 Coatings for cryogenic operations as well as heated air should be supported. For example,
solid lubricant additive hard coatings as PMS 212 and its modifications (e.g., Triboglide),
Teflon impregnated Cr, ceramics as aluminum oxide, zirconia, silicon nitride or carbide sleeves
in addition to hardened and bare metallic shafts.

4.3 New brush bristle materials and applications program, both metallic and ceramics, should be
initiated.

4.4 For direct bristle shaft contact, watch the shaft interface for metallurgical changes and
cracking propagation. With highly loaded surfaces bare rubbing may induce microcrack defects
that lead to shaft failures (aero engines), while such surface defects may be of little consequence
for very large low speed rotors (aeroderivative engines).

4.5 Large diameter brush seals (diameter > 30 inch) are being fabricated for both aero and
aeroderivative gas turbine engines. The use of brush configurations looks promising.

4.6 Finger seals afford low cost compliant sealing; hystersis problems require further analysis
and materials tribopairing problems are similar to the brush seal system.

5. New data and dynamic testing results have led Childs et al. to reexamine the linear theory and
conclude it to be insufficient to predict the instabilities associated with honeycomb stators
interfacing with labyrinth or smooth rotors. These systems may require frequency dependent
solutions and a two model solution is being prepared by Childs et al. The current approach is to
identify transfer functions as in controls modeling.

x] Where D = Kd(S+a)/(S+b)
y E = Ke/(S+b)

Fx}={D E
Fy] [-E D

The INDSEAL code work , per Shapiro’s analysis anticipates frequency dependent results but is
not adequate to handle flow details of the honeycomb type. Honeycomb types can only be
simulated in INDSEAL through average wall roughness; however, hole depth and effective cell
parameters are significant and honeycomb seals reduce the effective fluid bulk modulus (and
sonic speed) which can not be handled in INDSEAL. A coupled acoustic solution will be
required as conventional time dependent CFD (SCISEAL) for high frequencies becomes
inaccurate and expensive; coupled aeroacoustic-aeroelastic and shock effects will also enter.

6. New and used codes in various states of development are available. Some are available to the
US industrial community and others are available for an initial investment. These codes are
beginning to find utility in the prediction of cavity flows, seal leakages, and rotordynamics.

A partial listing of such codes is limited to those discussed by Athavale, Braun, Pelf rey,
SanAndres, and Shapiro at this workshop with more detail found herein. Some NASA sponsored
Conference Publications are also cited.
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INDSEAL

SCISEAL

HYDROFLEX
HYDROTRAN

HYDROB3D

FLOWCONI

FLOWCON2

RSR -

PUBLICATION

Industrial design version of seals code (Face, narrow groove theory spiral
groove , shaft with Ng-Elrod Turbulence model, labyrinth (USAF version),
dynamics). Data and numerical comparisons are given in this and previous
workshops (Roberts, Keba, Childs, San Andres, Scharrer to cite a few )

- in general, flows and stiffnesses are usually comparable, while damping and

“cross”or “quadrature dyanmic stiffness” terms often disagree.

Available to US industry through NASA Lewis Research Center

Scientific 3-D time accurate version of seals code ( interactive multiply
connected power/secondary/seal flow shaft seal flow fields with conjugate
heat transfer ) 33-validation tests are available including multiple connected
cavities in UTRC SSME turbopump simulation and Allison T-56/501D, 4-
stage turbine. Available to US industry through NASA Lewis Research Center

Bulk-flow code for evaluation of static and rotordynamic force characteristics
of laminar or turbulent flow hydrostatic/hydrodynamic bearings, e..g, damper
seals, and journal , externally pressurized pocket, tilting pad, simple foil
bearings. Transient response of point mass rotor supported on rigid surface
bearings. Extensively validated with available experimental data.

Available through Texas A&M University Technology Licensing Office.

Pratt-Whitney code for 3-D fluid film bearing hydrodynamics ( based on work
of Braun/Dzodzo (B&C Engr. Akron Ohio))

Brush seals 2-D laminar CFD modeling including full flow field; also for
pin-fin flow devices and equivalent porous media flows. Fully validated
robust code ( University of Akron)

Power stream/secondary/seal cavity flows axisymmetric laminar CFD
modeling (University of Akron)

RSR Software library for seals and bearings including examples

Seals Flow Code Development annual NASA Conference Publications date
from 1991.

Rotordynamic Instability Problems in High-Performance Turbomachinery are
available as biannual NASA Conference Publications dating from 1980.

Rotordynamic coefficient data sets available for labyrinth, honeycomb,
smooth (tapered, stepped, constant clearances), and helically grooved seals.
(Prof. Childs, Texas A&M Turbomachine Labs)



7. New empbhasis is required on oil/air sealing flows, as customer driven sealing requirements
(Hendricks, Seals Code Development 1993). Oil vapors and coking smells are obnoxious at best
and health hazards at worst to the customer.

7.1 Ullah, Allied Signal, is instituting a consortium to enhance life of oil seals by 10 and reduce
the leakage of oil smoke into the cabin. Seals have high temperatures, incorrect tracking, and
coking. The effects of wear and sudden rise in seal temperature for a throttle chop are under
investigation. Several programs have end of 95 deadlines.

7.2 Inputs from the two-phase programs of Hughes et al. (Carnegie-Mellon retired), Hsu et al.
(NASA retired)two-phase and mist flows, Allison cooling work (Dr. Paul), Yasuna (Carnegie-
Mellon) transient flows, Zimmerman (MTU-Siemans) two-phase flows in oil heat exchangers,
Marek fuels coking, Meyer and Linne (NASA) heat transfer, Glahn et.al. (Universitat Karlsruhe)
and others should be used as a nucleus for the program. Seals programs at Allison and Purdue
could also contribute to lip sealing.

8. Fluid film devices are receiving much attention in turbomachines.

8.1 Some bearings, are integrated into the IHPRPT program at Phillips AFB. Fluid film
bearings offer compact, low part count turbomachines.

8.2 Alternately, Si3N4 ceramic ball bearing tests are looking for 6.3M DN and the Dimofte
wave bearing is shown to have high resistance to whirl and operates well within the clearance
when whirl does occur.

8.3. Hydrostatic pocket film characterization requires a fully 3-D simulation. The effects are
pronounced in shallow and deep pocket flows as within the restrictor. In some cases, multiple
fluid passes from the restrictor to the pocket edge and back are required before the fluid exits the
pocket/restrictor. The vonPragneau type seal/bearing afford good stability and is often coupled
with the hydrostatic pockets.

8.4 Film riding seals as the aspirating seal, leaf seal, film riding brush and potentially the finger
seal, and proposed rim seals take advantage of the “lubricant film”, however very small
clearances (e.g., 0.4 mil) with critical flatness in harsh environments affords design challenges.

9. Turbulence measurements for code validation at 25 and 50 percent eccentricities will continue
under Morrison at Texas A&M with consortium sponsorship.

10. The What’s coming section includes structural-thermohydrodynamic coupling, predictive
maintenance/monitoring ,flow balancing throughout the engine, active/passive seals for rotor
stabilization (fan stabilization), strict environmental restraints, increased aeroderivative
enhancements, emphasis on film riding sealing, large diameter seal research, counter rotating
systems,and acoustic coupling.
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10.1. SUGGESTED GOAL: Clean Sheet Approach to Engine Design ; specifically reduce the
number of compressor and turbine stages, increase reliability/life, and improve dynamic
response. Studies to date assume cooling and power stream requirements are known and
satisfied. Interactively this is an incompatable assumption; the clean sheet approach is required.

10.2 WHAT’S NEEDED  (Under section 10.2, the percentages are given for aero and
aeroderivative gas turbines)

( Greater percentages are anticipated for space propulsion
turbomachines)

10.2.1. RIM SEALS ( order of 2 percent payoff)

Rim seals appear in both the compressor and the turbine. They afford the highest payoff ,
the biggest challenge and provide the greatest opportunity for a new engine. The subtle warning
we are providing is that proper engineering of the seals will lead the manufacturers to a clean
sheet engine that will indeed be revolutionary as blades,stators, drums, cavities, radial and axial
dimensions are not constrained by conventional means.

To properly deal with rim seals will involve time unsteady (or suitable effective stress
parameters)interactive multicavity power/secondary and seal flow characteristics:

A. Start with the inlet flow parameters and determine the characteristics of the compressor,
the combustor, and the turbine with the exhaust parameters all satisfying the environmental
constraints.

B. This sounds a lot like NPSS (numerical propulsion simulation system), and it is to some
extent.

C. At this point we propose using all that’s available, including the interactive multicavity
power/secondary/seal flow code SCISEAL- CFDACE and -ADPAC (Allison).

D. New unstructured grid coding will enhance the solutions in the Euler form, and these
serve as first order solutions for the Navier Stokes forms plus conservation equations (energy,
mass,continuity, strain).

E. The new features of these codes will be the interaction with the strain codes to produce
the displacements associated with rotational and thermal management effects (nonuniformly
heated components with aerodynamic and centrifugal loads).

F. The dynamics of such machines and their response to the seals have - to this point- not
been integrated into the engine analyses; however in our approach, these seals become a major
source of engine stability.

G. Controlled vortex generation would permit different platform flows and thermal
management scenarios. The basis remains in the lid-driven flow studies(Athavale et.al.
AIAA93-0390) and the success of the swirl brake in controlling unwanted flow fluctuations
(Childs and Ramsey: NASACP3122). With some insight, such “tire-tracking” of the seal tips
and blade/vane curvature could be used to control flow. The seal tips through blade tip
treatments and shroud cellular materials (Bill, Wolak, Wisander, NASA TP 1835 (1981);
Tolokan, Jarrabet, Howe, ISROMAC (1992), p.571) and stator/rotor curvature (Huber, Rowey,
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Ni; AIAA-85-1216; Dring, Sprout, Weingold ASME95-GT-190) could be used to control stall
and enhance efficiency.

10.2.2. TIP SEALS (order of payoff 1-2 percent, depends on analyst)

The same arguments are given for tip seals; depends how the air losses are accounted for by
the engine analysis, but these seals provide the opportunity to reconfigure the shroud and case in
the same manner as the RIM SEAL. A potential key factor is the unsteady interaction between
the vortex shedding of the tip and hub regions with the subplatform cavities. When margins are
close to instability or singular points small perturbations can affect large changes in the entire
system. (e.g., fluid amplifiers). (e.g., see also Yamamoto et.al. ASME93-GT-404; Weingold et
al. ASME95-GT-380: Dring et al. ASME95-GT-190).

10.2.3. CDP SEALS ( order of 1 percent payoff)

The most expensive air in the engine is immediately downstream of the compressor. Several
engine companies are looking to “stopper the leakage” However, we know through analysis and
TEST RESULTS (NASA TM 106360/ ARL-MR-232) that the major benefits are not the
parasitic air recovery but the enhancement of the pressure ratio across the engine.

10.2.4. OIL/AIR SEALS (CUSTOMER DRIVEN REQUIREMENT - HIGHEST PAYOFF)

Cabin borne smells of o0il and fuel are unacceptable to the paying customer and usually occur
after the engine is in service costing 1000 to 10000 times the initial investment to correct the
problem in the design phase. Air oil seals involve tracking the particle laden fuel, and oil as it
flows through the engine and egresses through the exhaust. Clean compressor air is affected by
leakages and subsequent ingestion of the air into the cabin either through these ducts or as
“sucked” in from the exhaust sources.

11. Emphasis is shifting toward supporting of both the engine and component industries. NASA
and these workshops will attempt to accommodate industrial requests and expand the base to
include manufacturing. The latter will require non-disclosure agreements among the
participants.

12. Future meetings:
Sept.-Oct.
NASA Interactive Seals Secondary Power Stream Workshops will be
limited representation to OEM’s and their designees.

June

Joint Propulsion Conference
Seal/Secondary/Power Stream Flows Sessions will be public forum.
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Liang
Seals code development overview and dissemination of INDSEAL and SCISEAL codes
Hendricks

Rotordynamic coefficient data sets available for labyrinth, honeycomb, smooth (tapered, stepped,
constant clearances), and helically grooved seals.

SCISEAL successfully extended to compute multiple connected cavity flows with seals
interacting with the power stream with validation using UTRC SSME HPFP simulated
configuration results and turbine rig data.

Rim seal flow ingress/egress for small static displacements simulating and eccentric rotor
showed increased seal-neck heating for the forward facing step and diffuse heating for the
backfacing step.

Numerical simulation of the pressure in a synchronous whirling seal (Morrison water rig data)
indicated similar axial-circumferential mapping at fixed radial position; however, the magnitudes
are about 2/3 that of the experiment. Local radial-circumferential contours show qualitative
agreement with higher experimental shear.

SiC fiber testing on bare and coated rotors show decreases in friction with speed. Haynes 25
alloy fiber testing shows decreasing wear at elevated temperatures.

New sealing technology including piezoelectric face seals, compliant metallic leaf, and finger
seals are discussed.

Steinetz
AST Goals: reduce DOC+I up to 5%
SCF up to 10%
NOx over 50%
Noise by 7dB
2.5% can be gained by seals
Seals / Secondary Air Delivery goals:
Evaluate low leakage seals and cavity design requirements
Demonstrate seal/secondary air flow in engines
Validated time resolved/average CFD

Aspirating seal, rim seal development, with current research proposals under evaluation
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Cooperative programs with Allied Signal, Cross, Technetics, Williams, USAF, US Army

T-700 engine test data demonstrated over 1% reduction in SFC replacing BOM CDP labyrinth
seal with a dual brush seal. These tests clearly demonstrated that the compressor pressure ratio
increased thereby changing flows throughout the entire engine.

New SBIR starts for brush CFD analysis and a floating brush seal was initiated. Shape ;memory
alloy clearance control testing moves into phase II. Compliant high temperature seals to over
1500F continue with evaluation of seal durability..

Proctor

A 2" diameter Haynes-25 standard construction brush seals were tested up to 4.3 hours in
cryogens nitrogen and hydrogen at surface speeds of approx. 300 and 540 fps. Flow data for a
single brush were 0.5 to 0.3 that of a 12-tooth labyrinth for pressure drops to 175 psi.

Teflon impregnated chromium and chromium carbide coatings are preferable to zirconium oxide
and uncoated inconel 718.

Addy
Data for SiC brush and a finger seal are compared to 4-tooth labyrinth seal illustrating some
hystersis of the finger seals with enhanced performance over that of the brush and labyrinth.

Mayhew

[HPTET initiative to double turbine engine capability by 2000; thrust/weight over 100% and
compressor exit temperature by +400F. Secondary flow impact on the engine HPC: 4.4%
efficiency and HPT 4.2 % efficiency. Sealing requirements 1400 to 1650 fps and over 1600 F
Brush seal development Haynes 25 and 214 with 130 psi pressure drop for single seal. Coatings
as AI203 and CrC (triboglide) have been evaluated. High speed testing at P&W to 1500F and
1650fps. Toward a ceramic brush exceeding the 1600F goal. Hybrid and all ceramic seals are
being investigated. A user friendly secondary gas path analysis code is being developed.

Brush seals are in the F119 and F100-PW-229 engines. IHPTET goals can not be met without
the seals/secondary air programs.

Lowenthal

Sealol brush seals with backplate relief (low hystersis design) show lower leakage over time and
respond more favorably to excursions than conventional Sealol designs. Testing includes speeds
to 1080 fps, temperatures to 1200F and pressures to 130 psid and seal diameters to 9 inches (not
all applicable to the same test). Projected for NTC-76 demonstrator engine.

Bagepealli

Aspirating seal geometries and loadings from seals codes are reported. The primary components
of the aspirating seal are a labyrinth seal axial seal combined with a cavity fed inner face seal and
a hydrostatically fed outer face seal. Windmilling restarts (6) and ten other operational envelope
characteristics are cited. Film and rotor growth parameters are given.

Shapiro



INDSEAL: GCYLT, ICYL, (cylindrical seals gas turbulent and incompressible laminar)
GFACE,IFACE (face seals, gas and incompressible)
SPIRALG,SPIRALI (spiral groove seals, gas and incompressible)
DYSEAL (dynamic seal analyses)
KTK (labyrinth seal, from USAF)
KBS (knowledge based system)
GCYLT : uses G-factors for Poiseuille and Couette turbulence coefficients. Ng-Elrod models
SPRIALLI : is updated to include turbulence and inertia, but maintains the narrow groove theory
KTK : labyrinth seal code handles straight or stepped seals
DYSEAL: provides dynamics for the seal geometry
KBS: knowledge based system, which remains to be expanded into reality

Roberts

Comparison between Muijderman spiral groove bearing (Philips Tech. Labs, 1966) for a 324 mm
x 388 mm seal operating at 320 m/s(1000 fps), 700C(1300F) and pressure drop of 1350
kPa(200psi) and SPIRALG show significant departures. Below 10 microns (0.04 mils) one
would suspect the results of either code and above 100 microns (0.4 mils) some transition to
turbulence is expected. No comparison to data are cited. In any case the thermoelastic effects
would have significant influence on the results.

Keba

Comparisons of L/D=1 hydrostatic bearing run at Texas A&M and a generic L/D=0.37
hydrostatic bearing run at Rocketdyne with code predictions are provided. In general the flow
rates and direct stiffness as predicted by HYDROPAD and ICYL code are similar; however
significant differences appear in cross-coupled stiffness and damping predictions. These results
illustrate that the codes are not accurately modeling the physics.

Athavale, Ho, Przekwas

SCISEAL capabilities for cylindrical seals and multiply connected cavity flows interacting with
the power stream are delineated. Colocated grids, high order differencing, turbulence models,
rough walls. Multi domain solution methodology. Efficient solutions for entrance regions and
seal clearances, stepped and straight labyrinth seals, rim seals, face seals, conjugate heat transfer,
passive scalar transport (mass transport) 2D/3D treatments. Rotor loads, torques, and
rotordynamic coefficient calculations; full CFD solutions for centered orbits and small
perturbation methods for eccentric seals. The validation effort includes some 33 validation
cases.

Results are presented for:

Synchronous whirling water seal data of Morrison (Texas A&M, 1992 and 1995)

Hlustrates good qualitative comparison between measured and calculated results for average
velocities. Note that these methods do not calculate the Reynolds stress tensor; however the
Reynolds stress tensor is a measured result of Morrison. A more fundamental approach is
required in the computations.

Rims seal gas ingestion (Graber et al UTRC 1987)
The comparison with data are quite good. These are averaged quantities and smear the local
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details - like any good integration scheme.

Allison engine turbine cavity data (Munson and Forry of Allison)

Comparison with two different seal clearances illustrates how gas may be ingested into the disc
cavities and how non uniform heating of the discs can occur. While the simulation in static the
inference of dynamics can be made, i.e., rotor perturbations

Large scale ng UTRC/MSFC SSME HPFTP (Daniels and Johnson, 1993)

These results illustrate that the cavities are connected and the analysis must support multiple
connected cavities that interact with the power streams if the correct flow and mass distributions
are to be computed.

San Andres

Description of HYDROFLEX code to calculate flows in bearings and seals. Considers laminar,
transition and turbulent flows with surface roughness and variable thermophysical properties. 32
force impedance coefficients for stiffness and damping The code handles cylindrical seals and
bearings with hydrostatic or hydrodynamic forces. HYDROTRAN provides force response to
transient loads. Fixes to improve dynamic stability in hydrodynamic journal bearings:
Pneumatic Hammer ( limit recess axial length and reduce recess volume; use end seal restrictors
or wear rings; change type of fluid inlet restriction, i.e., inherent compensation)

Hydrodynamic Instability: (use rough bearing surface; fluid injection against shaft rotation;
introduce bearing asymmetry; use flexible pad bearing geometry, i.e., flexure pad bearings)
Reduced load and capacity and direct stiffness are to be traded off for dynamic stability. Flexure
pivot tilting pad hydrostatic bearing has no restriction for hydrodynamic stability.
HYDROFLEX has been extensively validated with available experimental data for

* water/oil/liquid hydrogen/liquid nitrogen hydrostatic bearings, water/liquid nitrogen damper
seals, oil and air journal bearings and tilting pad bearings, oil flexure-pivot tilting pad bearings,
and other applications.

Pelfrey

Analytical models of Reddecliff and Vohr were Reynolds equation finite difference solutions
which accounted for turbulence in hydrostatic bearings but has some convergence problems at
high eccentricity and clearances. HYDROB could account for grooves and is a finite element
code with better turbulence and inertia modeling and has no convergence problems. At present
HYDROFLEX and HYDROTRAN provide a 2-D bulk flow model finite difference solution
with transient and compliant bearing pad capability. RSR Software library includes a 2-D
incompressible bulk flow model for thrust bearings; however HYDROB is used for compressible
thrust bearings. MTI INDSEAL codes are cited. HYDROB3D (Braun/Dzodzo) full 3-D Navier
Stokes finite difference finite volume accounts for turbulence and inertia and does not assume
uniform pocket pressure. Pocket flows are highly 3-dimensional and code validation comparisons
with experimental data are excellent. Further testing of components will include LH2 and LOX
at Phillips and MSFC as well as ARPA TRP under a 4 yr $15M program with NASA/MSFC.
The vonPragneau damper bearing geometries are to be tested as a part of the [HPRPT program.
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It is important to note the accomplishments of the PW ATD turbopumps; building on

technological advancements the pump has hours (vs minutes) of operational time - a significant
achievement.

Parallel processing using up to 500 engineering worksations, equivalent to 50 Cray XMP’s , can
provide solutions overnight.

Palazzolo, Venkataraman, Padavala

Ryan, Vallely, Funston

A code is presented for liquid annular seals as a joint effort between Texas A&M and NASA-
MSFC. Details are not provided; however the bulk flow model is similar to that of San Andres.
References to INDSEAL and SCISEAL are absent as are comparisons. Comparisons with the

data of Iwatsubo indicates good agreement for fixed and flexible surfaces. The latter appears
difficult to assess.

Ullah

Air/oil seals that result in oil-in-cabin or smoke-in-cabin odors are a major cause of customer
complaints and warranty costs at Allied Signal. A consortium of various Allied Signal business
units and research center along with Arizona State Univ.and Georgia Tech.has been established.
Their current goals are to increase seal life by at least 10 times and understand the fundamentals
such as coking that is believed to be a primary contributor to the seal leakage problem. Current
problems being addressed include: Improving the thermal management of seals by improved
modeling/analysis methods; obtaining heat transfer data for active cooling schemes (jets,
proprietary film cooling etc); prediction of seal face tracking dynamics; understanding oil coking
mechanisms; and quantifying coking rates. Steady state thermal management models are being
studied first with 1995 year end deadlines; coking research is expected to continue through 1996;

and ,transient problems, such as sudden rise in seal temperatures during a throttle chop, will be
addressed thereafter.

Munson, Stienetz

Results of a comparative study of engine internal airflow systems for regional (AE-3007) and
turboshaft (LHTEC T801) illustrate 50% of leakage through 2 turbine blade/vane gaps; Sealing
effort at few locations yield large returns (regional or turboshaft). Development of a film riding
rim seal could reduce SFC by 1.8% in the regional engine and 5% in the turboshaft engines. The
potential for a clean sheet approach to engine design can provide even larger gains. Better
sealing is an inexpensive way to boost engine performance.

Dimofte, Hendricks

Unloaded journal bearing with a wave can operate over a range of speed free of subsynchronous
whirl. When whirl occurs the equilibrium radius is less than the bearing clearance and the
bearing runs stably. At large clearances the two wave exhibits whirl frequencies near 1/4
synchronous while the three wave whirl frequencies are close to % synchronous. At small
clearances, both exhibit half synchronous whirl at increased whirl thresholds.
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SEALS CODE DEVELOPMENT WORKSHOP INTRODUCTION

AnitaD. Liang
NASA Lewis Research Center
Cleveland, Ohio

SEALS CODE DEVELOPMENT WORKSHOP

WORKSHOP OBJECTIVES

PRESENT WORK PERFORMED UNDER NASA CONTRACT NAS3-25644,
"NUMERICAL/ANALYTICAL/EXPERIMENTAL STUDY OF FLUID
DYNAMIC FORCES IN SEALS"

PROVIDE A FORUM FOR INFORMATION EXCHANGE BETWEEN THE
GOVERNMENT AND INDUSTRY ON SEAL/BEARING TECHNOLOGY
DEVELOPMENT



e CONFERENCE PROCEEDINGS TO BE DISTRIBUTED IN
SEPTEMBER, 1995

e CODES TO BE DISSEMINATED IN JUNE - JULY, 1995

NASA CONTRACT NAS3-25644

OBJECTIVE DEVELOP CODES FOR ANALYZING AND DESIGNING
OPTIMIZED ADVANCED SEALS FOR FUTURE AEROSPACE AND
ADVANCED ROCKET ENGINE SYSTEMS

ORIGINAL e SEVEN YEAR EFFORT
SCOPE e DEVELOP 3-D CFD SCIENTIFIC CODES
e COMPILE AND GENERATE SETS OF VERIFIED 2-D
INDUSTRIAL CODES
e GENERATE A KNOWLEDGE BASED SYSTEM TO BE
COUPLED TO THE CODES

o TECHNOLOGY TRANSFER VIA WORKSHOPS

e CODE VALIDATION VIA PUBLISHED DATA, IN-HOUSE TEST
WORK AND COOPERATIVE PROGRAMS

e PROGRESS MONITORED BY A PEER REVIEW PANEL



CLOSE-QUT OF NASA CONTRACT NAS3-25644

CONTRACT RE-NEGOTIATED IN FY94 AS A FIXED PRICE CONTRACT
CONTRACT CLOSE-OUT IN FY95
FINAL DELIVERABLES FROM MECHANICAL TECHNOLOGY, INC.

INDUSTRIAL CODES (INDSEAL) - ICYL, GCYLT, IFACE, GFACE, SPIRALG,
SPIRALI DYSEAL, AND KTK

SCIENTIFIC CODE (SCISEAL) - MULTIDOMAIN CODE WITH
ROTORDYNAMIC CAPABILITY

EXECUTABLES TO BE DISSEMINATED IN JUNE - JULY, 1995

SOURCE CODES TO BE DELIVERED BY THE END OF CY1996 TO COSMIC
OR EQUIVALENT

CODE DEVELOPMENT ACTIVITIES WILL BE COORDINATED WITH
OTHER PROGRAMS AND FUND SOURCES

ISSUES TO BE ADDRESSED BY THE PEER REVIEW

INDUSTRIAL CODE OPERATING ENVIRONMENT

FUTURE WORKSHOPS
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Overview

Designers and customers are demanding higher performance turbomachine systems that have
long life between overhauls and satisfy the more restrictive environmental constraints. This
overview provides sources of design data, numerical, and experimental results along with
selected new seal configurations and static sealing challenges such as in the combustors.

The following categories are presented:

L. Seal Rotordynamic Data Base (experimental analytical program: Dr. Childs at Texas A&M)
2. Secondary Flow Interactions (validation studies with Dr. Athavale at CFDRC, Huntsville AL)
3. Contact Sealing (selected types with finger seal model)

4. Environmental Constraints ( emphasis on combustors)

5. What’s Coming

1. Seal Rotordynamic Data Base

At least 95-percent of the published data for dynamic coefficients of annular gas seals available
in the world today were generated under grant NAG3-181 with Dr. Dara Childs at Texas A&M
University. These data and the Workshop Proceedings will continue to serve as resource
materials and validation test results for analysis codes, future experimentation, and design.

Rotordynamic coefficient characterization of several different seal configurations including
labyrinth, honeycomb, brush, cylindrical, spiral grooved, and damper. Stiffness and damping
coefficients were assessed for centered whirling seals where the force input was horizontal and
the rotor suspended as a pendulum. Flow rates, pressure and accelerometer measurements were
taken to define the forces and leakages and displacements monitored by Bently probes. A
limited amount of eccentric rotor data (static eccentricity) results were taken.



For small motion about a centered position, the linear reaction-force model for gas path annular
seals becomes

Fx K k)/(x C c)(X
= +

Fy) -k KJ\y - CH\Y

and test data are available on the following seal configurations (figure 1, ref. 3):

(a) Tooth-on-stator labyrinths

(b) Tooth-on-rotor labyrinths, smooth stators
(c) Tooth-on-rotor labyrinths, honeycomb stator
(d) Interlocking seals

(¢e) Brush seals (4,5, and 6 stages)

() Smooth seals, constant clearances

(g) Smooth seals, tapered geometries

(h) Smooth seals, step configuration

(i) Honeycomb seals

(3) Helically-grooved stator/smooth-rotor seals

This program was the first to demonstrate the remarkable advantages of the honeycomb seals as
compared to see-through or interlocking labyrinth seals contrary to some early German test
results which suggested honeycomb should be avoided. However, because of the large damping
the long honeycomb seals are much better than the labyrinth seals, and leak less. These seals are
now gaining acceptance as replacements for labyrinth seals in centrifugal compressors and steam
turbines.

The brush seal results still remain the only available set of dynamic measurements and reduce the
cross-coupling to nearly zero. As a result brush seals generally improve the rotordynamics of gas
turbine engines.

See-through annular teeth-on-stator configurations are slightly more stable than teeth-on-rotor
configurations; for teeth-on-rotor and smooth and honeycomb stators are comparable.
Interlocking seals showed substantial reductions in direct damping.

Helically-grooved-stator/smooth-rotor seals showed that a negative cross coupling could be
achieved, which opposes forward whirl. Analytical treatments of the turbulent flows and
commercialization remains to be explored. '

Swirl brakes showed that significant reductions in cross-coupling can be achieved; for the SSME
HPOTP the reduction could be a factor of two. These brakes have found commercial

applications in the electric power industry particularly where labyrinth seals are involved.

The testing of eccentric seals with smooth bores showed the seal to be more sensitive to



eccentricity than predicted and a continued effort is needed.

Swirl brake characteristics were explored and have been introduced to stabilize several
turbomachines in the field as well as new designs. '

2. Secondary Flow Interactions

Fluid flows within an engine or turbomachine are coupled. The power stream and the secondary
flow streams that cool components, function as working or purge fluids are coupled through the
seal and cavity flow fields. The behavior of these flows becomes critical to the thermal
management of the component and ultimately to the performance of the turbomachine. Flow
studies in a turbine and within the UTRC simulated SSME HPFTP (figure 2, ref. 1) provided
validation studies of the SCISEAL code and the CFD-ACE codes.

As turbomachine power systems mature the ability to refine component efficiencies declines with
efforts focused on small percentage gains. In conventional turbomachine analyses interaction
between the power stream and the secondary flow paths such as beneath the blade platforms,
beyond the blade/vane tips, around the diffuser, and combustor sections are not coupled. For
large changes in efficiencies this approach is valid; however, for small changes the coupling
becomes of major significance. Current numerical and experimental work is focused on
determining the interaction between the power stream and multiply-connected multicavity sealed
secondary flow fields and conjugate thermomechanical response.

UTRC HPFTP Simulation

The results of a recent numerical study of the experimental work of Daniels and Johnson at
UTRC using CO?2 as the tracer gas (ref. 4) suggests the following:

1. Multiple cavity analyses capture interactive power/scondary flow stream effects that can not
be realized for uncoupled single cavity treatments; in short, uncoupled results are inadequate for
determining small changes in performance. For the UTRC simulation of the SSME HPFTP a
flow thread is defined that works its way through the upstream first stage rotor seal throughout
the dual rotor cavities and exits downstream of the second stage rotor seal.

2. Generally there is good agreement with the experimental results for gas ingestion and flow
egress, although the egress was lower than calculated. Tables I, II, III, ref. 1.

3. Comparisons of the concentrations (CO2) in the central cavity regions was good but only fair
agreement at the blade shanks. The shanks were simulated as rotating slots and such simulations
are known to be inadequate as the flow field is complex 3-D with spiral and angled jetting from



the holes. A second reason for disagreement could be in the scanning of the prints for griding.

4. The purge cooling thread (figure 3, ref. 1) tends to provide cooling for the front side of rotor 1
and aft side of rotor 2. The ingested gas effects the aft part of rotor 1 and the front side of rotor
2. Such nonuniform cooling and heating leads to nonuniform stress in the rotors.

5. These results illustrate that small changes in seals and cavity flows effect flows
throughout the entire engine or turbomachine. Further, these results are corroborated by
test results from the T-700 (figure 4, ref. 11) where the compressor discharge seal was changed
out to a dual-brush seal. The engine performance showed a SFC decrease of at least one
percent (figure 5, ref. 11). The seal flows were reduced but more importantly, the compressor
discharge pressure was increased implying changes throughout the entire engine.

6. With the strength of these numerical tools, the experimental data, and design expertise, it is
suggested that the entire secondary flow path and seal design be reevaluated. Those cooling and
purge gases that are of marginal importance can be eliminated along with the structural distress
associated with such holes. Further it is suggested that this ‘clean sheet’ approach be applied
to all the associated components with thought given to active controls for a more efficient long
life low maintenance engine.

Turbine Interstage Seal

A study of pressure and thermal effects in a labyrinth seal between stage 1-2 turbine disk cavities
provide the validation results. For orientation, the turbine vane is shown in white and the color
results represent the flow field computations. The geometry is that of a six-tooth-on-rotor -
labyrinth seal with a smooth stator. The clearances were fixed at 0.012 inch and 0.024 inch. The
analysis shows the following results:

1. When the labyrinth seal clearances are small ( 0.012 in.), turbine gas ingestion into the cavity
is limited and cavity temperatures appear uniform, especially in the seal area.(figure 6 ) (Blue to
blue-green color). However when the seal clearances are opened by operations or design to
0.024 inch, the powerstream flow is ingested into the cavity and appears to heat the labyrinth seal
as well. If the rotor is whirling in some manner the thermal distortions on the disk and the
labyrinth seal teeth will be nonuniform as there is a large thermal gradient across the first tooth.
Such nonuniformities can lead to durability problems.

2. The pressure drops reflect the increased leakage flows with the major gradient across the first
tooth (figure 7). The increased loading coupled with the thermal effects can increase the
durability problem.

Vortex Control



In a lid-driven flow blade simulation, the blade flow carryover initiated a vortex on the opposite
wall (pressure side) (figure 8, ref. 10). While these vortices are usually confined to the upper 10
to 20 percent of the blade they represent a considerable loss of performance. The concept of
introducing counter and co-rotating vortices could be used to control vortex losses, noise sources,
and stall margins. The vortices could be introduced by controlled jets or swirl vanes in the
platforms of the stators.

Unsteady Ingestion

Turbomachine rotation is eccentric to some degree, with whirl representing an extreme orbital
motion that can destroy a machine(figure 9, ref. 10). The fluid ingestion due to the rotor being
offset half of the seal clearance into the power stream is significant; also the fluid egress due to
the rotor being half a seal clearance below the power stream is large. While the coupled effects
were not studied, the inference is that unsteady thermomechanical distress can become acute
under dynamic loadings.

Acoustics

Not addressed due to the lack of data, but of major significance is the acoustic fields generated
and transmitted by the multiple cavities and their associated seals. A part of the long range seals
code development program, but this program funding has been stopped.

Synchronous Whriling Annular Seal - Expeérimental

The measurements of turbulence in a 0.5 eccentric synchronous whirling annular seal operating
at a Reynolds number of 24,000 and a Taylor number of 6,600 was measured using a 3-color
laser Doppler anemometer system. Flush mounted pressure and shear stress probes measured the
normal and shear stresses along the stator. Phased averaged pressure and shear along with mean
velocities and turbulence kinetic energy (at 0.16 clearance from the stator wall) were measured.
The results are complex and do not follow conventional seal models:

1. The mean pressure decreases rapidly at the seal inlet as the flow accelerates into the clearance
gap resulting in large shear stresses and flow fluctuations (figure 10, ref. 2).

2. The coherence levels are large (.8 -.9) for pressure and shear as rotor whirl dominates the
development of the flow field. Pressure is high on the pressure side of the rotor and low on the
suction side with shear stress being nearly 90-degrees out of phase.

3. Progressing through the seal, pressure and shear stress fluctuations decrease as turbulence
levels decrease with the axial and tangential velocities becoming more uniform (figure 11, ref. 2).



4. The mean shear stress angle steadily increases from 15-degrees at the inlet to 35-degrees at
the outlet with a sudden increase to 45-degrees outside of the seal within the ‘plenum’. The
circumferential velocity steadily increases with a sudden decrease in axial velocity at the exit.

5. At the exit the axial velocity is largest on the pressure side as compared to the suction side at
the inlet resulting in the phase averaged velocity becoming negative on the pressure side and
positive on the suction side at the seal exit.

6. The simple assumptions of no circumferential variation in pressure or shear stress and the
assumption that the axial velocity will be maximum within the maximum clearance are invalid.
Modeling of the flow field becomes a difficult task.

Synchronous Whriling Annular Seal - Numerical

The code SCISEAL was applied to the synchronous whirling annular seal data (see figures 10,
11). Transforming the system to a rotating frame made the flow quasi steady. In this framework
the flow fields showed fair to good agreement with the experiment and generally consistent
picture of the flow physics. experimental turbulence is anisotropic, but the isotropic k-e model
was used in the numerical calculations. Before validation can be accepted, the low-Reynolds
model or multi-layer models should be applied to the data. Although further measurements are
desirable now that the codes are available, funding for the effort has been curtailed.

3. Contact Sealing
Brush seals

Brush seals suffer from high incipient wear, which reduces their effectiveness. Attempts to
identify rub-runner coatings and tribological pairing to reduce wear have not been to successful
and perhaps the better solution is to permit the bristles to rub an uncoated or sacrificial layer of
the shaft.

Ceramic brush developments, currently centered on SiC bristles, indicate that SiC is a good
cutting tool. Tribological pairing of SiC, Al203, and glass with various coatings provided some
initial screening of the fibers and SiC was the fiber of choice with tuft testing carried out at
surface speeds (500 <Vs< 1100 ft/s ) (figure 12, ref. 12). standard rub-runner coatings such as
CrC was stripped by the SiC fibers and other coatings were sought. One coating developed for
wear reduction was co-sprayed PSZ with boron-nitride added for dry high temperature
lubrication and more conventional coatings, plasma sprayed PSZ and vapor deposited PSZ,
alumina, and Triboglide (not available for testing) were also selected. Tuft testing of the SiC
running against coated rotors indicated that none of the coatings provided good wear
characteristics. friction coefficient was also high and in some cases decreased a little with
running speed (figure 13, ref. 12). Although the ceramics afford a hard surface, the operation on
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bare shaft 17-4PH proved to be an equally good rub tolerant surface to the SiC.

In separate tuft testing at low surface speeds (< 80 ft/s) showed a significant reduction in wear at
650C even though the friction coefficient was nominally the same (figure 14, ref. 5).

Four compliant seal concepts (finger seals, piezoelectric-controlled face seals, and shaped
memory-alloy shroud seals) while not in “use” have significant potential. In most cases, the
contacting seals experience rapid incipient wear.

Alternate contact seals

While a significant amount of effort has been given to brush seals and face seals ( hydrostatic,
hydrodynamic, aspirating, ring lift-off) development efforts continue on new types of seals
(figure 15, ref. 16 and figure 16, ref. 15, and refs. 6, 9, 13, and 17).

Shaped-memory alloys are used for attachment pins and are being investigated for use in a
shroud seal. For example, a compressor ring could be designed so that when steady state
temperature is reached, the ring would contract to less than 1 percent of the diameter. Such a
design would permit a relative expansion between a magnesium case and nickel alloy blades and
provide good blade tip sealing at cruise conditions. Response to in flight dynamics remains to be
evaluated.

Piezoelectric face seal elements can be designed to provide face coning. Coning controls both
seal stability and leakage. One such experimental test configuration had a carbon-faced,
piezoelectric, active-controlled elements placed on both sides of a rotor. purpose to the seal was
to reduce the consumption of onboard helium and still separate cryogenic oxygen and hot
hydrogen-rich steam (figure 17, ref. 10). '

Leaf seals combine the noncontacting features of fluid film seals and the compliant nature of the
brush seal. leaf seal consists of several thin sheets or leaves that resemble sections of lip seals
wiping the shaft. A second set of overlapping leaves completes sealing and the leaves can be
straight or angle cut. leaves have mismatched curvature with respect to the shaft for lift off with
300-500 micro-inch at the leading edge to perhaps twice that at the trailing edge. leaf flexes in
the radial direction to accomodate thermomechanical behavior and axial and angular
misalignments. Under no rotation, there is a net closing force to keep the leaves in contact with
the shaft (figure 18, ref. 10).

Finger seals are of simple construction. seal consists of two or more axially stacked, radially
compliant, overlapping disks or diaphragms that resemble and are often referred to as “hockey
sticks”(figure 19, ref. 7). fingers which are separated by gaps can have straight or logarithmic
curvature and usually are of constant thickness. overlapping disks arrays form a compliant seal.
Finger seals can be fabricated by several techniques, e.g., photoetched or machined from a
variety of materials such as metal, plastic, or ceramics. assembly is held together by simple
riveting and the final configuration can be ground and lapped depending on the use. These seals
leak less than 1/10th of a conventional labyrinth, but current versions suffer from hystersis
problems.
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An elementary leakage model was developed based on the brush seal bulk flow model and
provides guidance for parametric variations and design (figure 20, ref. 7)

4. Environmental Constraints

Most communities have adapted some form of environmental controls and requirement for
leakage control, emissions, and noise (e.g., see ref. 8). For example, the high speed research
program is dedicated to achieving about 5g of NOx per kg-fuel burned.

Gas turbine exhausts CO, CO2, H20,unburned hydrocarbons (UHC), particulate matter mostly
in the form of carbon, NOx and excess 02, and N2. While CO2 and H20 are commonplace they
contribute to the global warming and are reduced only by burning less hydrocarbons. In
industrial gas turbines sulfur and oxides are also a problem and requires removal prior to
combustion. Controlling the combustion temperature between 1680K and 1900K is considered
by some as the temperature range for low emissions (CO<25 and NOx< 15 ppm) and represents
the underlying principles in staged, variable geometry, and premixed combustors.

International Civil Aviation Organization (ICAO) has set standards that involve the emission
index(g/kg-fuel), the SFC(kg fuel/hr-kN), and the time of operation (hr) for the landing takeoff
cycle (LTO) (see Table IV).

Emissions (g/kN) = EI x SFC x Timein LTO mode

For the commercial powerplants, emissions of 10-20 ppm NOx are being sought and can
possibly be met by consuming natural gas.

These complex combustors require static seals, and several types are proposed including the use

of brush and rope seals (figure 21, ref. 14). Loss of high emission laden gases or injection of fuel
or air at the improper locations will lead to excessive engine emissions.

5. What’s Coming

A. Conjugate problems with coupled structural interactions with different time scales as a
potential problem.

B. Monitoring components for longevity (life) and predictive maintenance
C. Flow balancing through the compressor/turbine multiple cavities and subplatform flows

D. Active/passive seals rotordynamics for stabilizing both the aero and aero-derivative engine
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E. Strict environmental restraints on fluid leakages and engine emissions

F. Aeroderivative systems increases in efficiencies by controlled subplatform flows and perhaps
the use of separate cooling fluids

G. Increased shift toward face seals for special applications (high payoff) but labyrinths will not
go away for a long time.

H. Large diameter seals, segmented, brush, face, lift, and floating types.
I. Counter-rotating systems.
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