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THE MISSION OF AGARD

The mission of AGARD is to bring together the leading personalities of the NATO nations in the fields of |
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— Exchanging of scientific and technical information;

— Continuously stimulating advances in the acrospace scionces relevant to ptrengthenin; the common defence
posture;
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- Improving the co-operation among member nations in aerospace research and development;

— Providing scientific and techinical advice and assistance to the North Atlantic Military Committee in the
field of aerospace research and development;

— Rendering scientific and technical assistance, as requested, to other NATO bodies and to member nations
in connection with research and development problems in the aerospace field;

e Mt e g 2.

-~ Providing assistance to member nations for the purpose of increasing their scientific and technical potential;

— Recommending offective ways for the member nations to use their research and development capabilities
for the common benefit of the NATO community. !

The highest authority within AGARD is the National Delegates Board consisting of officially appointed senior
repmentaqvu from each member nation. The mission of AGARD is carried out through the Panels which are
composed of experts appointed by the National Delegates, the Consultant and Exchange Program and the Aerospace
Applications Studies Program. The results of AGARD work are reported to the member nations and the NATO
Authorities through the AGARD series of publications of which this is one,

Participation in AGARD activities is by invitation only and is normally limited to citizens of the NATO nations.
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PREFACE

This meeting was one of a series in the gas turbine engine field sponsored and arranged
by the Propulsion and Encrgetics Panel of AGARD to stimulate discussion and information
transfer between specialists.

The purpose of the meeting was to provide a forum to discuss technology of gas turbine
engine seals. The discussion was limited to cases where relative motion exists between parts
of the seals. Both gas path and oil path seals were covered.

The initial presentation was a comprehensive survey showing the effect of engine
operation on seal performance and the effect of seal performance on engine performance.
This survey was foilowed by presentations on new developmants in material technology that
influences seal design and operation. The usar's view of seals focussed on operational perfor-
mance, its impact on airline operations, maintainability of seals including repair techniques,
and maintenance costs,

Engine producers contributed discussions based on their experience in the development
of seals for large and small engines,

The program included presentations upon laboratory measuremernts and other investiga-
tions of seal behaviour as well as the development of suitable test facilities.

Methods of design and performance computations were presented and applied to some
particular seal configurations.

Cette réunion faisait partie d'une série consacrée au domaine des turbines 4 gaz et était
organisée sous I'égide du Panel Energétique et Propulsion de 'AGARD, dans le but d’encourager
les discussions et les échanges d’informations entre spécialistes do cette discipline,

Elle avait pour objet de constituer un forum ou fut étudiée la techinologic des joints de
turbines 4 gaz. L'étude fut limitée aux cas ol intervient un mouvement relatif entre les diverses
partie des joints, et couvrit & la fois les circuits de gaz et les circuits d’huile,

Au cours du premier exposd, il fut procédé & un tour d'horizon exhaustif des effets du
fonctionnement du moteur sur les performances des joints, et réciproquement. Les
communications suivantes furent consacrées aux développements récents en matidre de
technologie des matériaux et & leur impact sur la conception et le fonctionnement des joints.
Le point de vue de I'usager fut essentiellement centré sur los performances opérationnelles,
leur influence sur 'exploitation des lignes aériennes, la maintenabilité des joints, y compris les
techniques de réparation, et les colits de maintenance.

Les motoristes rendirent compte de leur expérionce dans le domaine du développement
des joints pour moteurs de petites et de grandes dimensions.

Le programme comprit également des exposés sur les mesures en laboratoire ot autres
recherches sur le comportement des joints, ainsi que sur le développament d'installations
d’essais adéquates. Les méthodes de conception et de calcu! des performances furent également
présentées, ot appliquées & certaines configurations particulidres de joints.
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TECHNICAL EVALUATION MEMORANDUM
by
B. Wrigley

CONCLUSIONS

In-service parformance deteriorvation is a serious problem for Commmxcial Operators and Aix Forcas,
particularly in view of the developing fuel situationm.

° Seal wear is s major factor in performance daterioration and there is therefors a significant
financial incentive to improve sealing technology.

[ Uveful resaarch is in progress psrticularly for advanced seal design, but in the field of rubbing
and erosion research has been insufficiently systematic and has generally had to wsit for ths
initiative given by service problems.

e  Useful measurement techniques alrsady exist.

. The conference was clearly nacessary, in fact over-dus. The quality of papaxrs and participation
was of a high standard: The genaral awarsness of the problems and the relevanca of the papers
is in itsslf remarkable.

RECOMMENDATIONS

. Blade tip and labyrinth seal rubbing phenomena need further study.

° Engina demonstratfon of advanced sealing concepts should be ercouraged,

. Relevaut heat transier phenomana should be incorporated in future discussion.

[} Heasuremsnt techniques need to be improved, further.

. Resources should be provided to deal with tha above recommendations.

It should be noted that in this fiald the resources that need to be committed axe much suallex than

in, for example,ths primary turbomachinery fields.

Sealing design must be integrated into tiw sngine mechanical design and componant aarodynamic
design processes.

A follow-on activity of PEP Working Group 08 which had dealt with engine deterioration in Air Force Service, is deemed
necessary. It should be invited to provide duta on the influence of sealing as experisnced by military usors,

Solutions must bs dsvelopad for existing engines and their derivatives, as these engines will
consune most of the fuel up to the end of the cantury.

e A R o T ——_ i T e A




TECHNICAL EVALUATION REPORT
by

\ B. Wrigley

1.  INTRODUCTION

Tha 5lst meeting of the Propulsion and Enexrgetics Pansl on Seal Technology in Gas Turbins Engines

was hald at Church House, Westministar, England on 6th and 7th April 1978. The meeting was arranged
tnder five main headingsi

] material technology, particularly as applied to main flow path blade tip seals.
(] user's viaw of saal technology.

) measuremants of seal behaviour.

laboratory experimonts.
] design aids.

The mesting was held in four sessions, the lsst vne incorporating a round table discussion. !

. .
S it

The presentations were relevant, timely and well received, covering both aircraft and industrial
gas turbines,

Wide ranging coument indicated the valus of the meeting and suggested the need for a continuing i
comitmant i{n this field. ;

2. SUMMARY

There are two major issues forcing the pace of sesaling technologyt !

: [] the quest for improved engine sfficlency, in a period of rising fuel prices.

i . poor in-service xelisbility of seals and engine performance deterioration in the most recent
generation of subsonic jet engines.

. 'I The masting also identified the following issuasi-

[ A significant factor in psrformance deterioration is the increasad clearance and asrofoil
distortion caused by abrasion and srosion.

! o  The influence of thermal and mechanical forces on seal clearances.
Thess forces ars usually of a transient naturs.
Suitable techniques for measuring these sffacts were described. |

[ . Current high bypase ratio engine designs have included featurses detrimental to achieving low
seal leakage.

; . A vide range of experiments has shown the potential of advanced sealing techniques fox leskage !
reduction but this work has not yet been taken through to engine demonstration to any eubstantial A
axtent, nor hus the wear characteristic of such seals been adequately astablished.

R ~ 3. RECOMMENDATIONS

| . Furthexr study is required on blade tip and labyrinth ssal rubbing phenomena and should includa i
| ; fully representative experimental work and the development of theoretical understanding. Consider-
| ' ation should be given to establishing mors formal relationships with machining research.

. Seal design shovld ba thoroughly intagrated into the engine dusign procass. Ths mechanical designer

' must ensure from the preliminary design phass onvards that the engine is structurally end thermally
) beneficial to good seal design. The asrodynamicist must integrate sesling quality into his judgemeuts i
concerning direction of research and engine design. |

' ) : . Opportunity should be provided for the demonstration of advanced seals in repressntative engines;
. sufficient confidencs will only be established in such sesis 1f reliability and integrity can be
denonstrated.

] User sxpasrience representad in the conference was mainly that of a major US trunk oparator. Further
taformation 1s required, reflecting other geographical locations, smaller operators, industrial users
and particularly from military setvices. Referririg to the successful work of PEP Working Group 08 which dealt with Aero Engine
Deterioration in Air Force Servics, a follow-on sctivity should be invited to report on experience with seals by military users.
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. Compressor and turbine asrodynamicists should work towards a batter understanding of clearance
sensitivity.

he comarcial field present enginas and derivatives of thess engines will sccount for naarly
clv  ~tal fuel consumption up to 2000 AD (Ref.B.). Research should be directed tharefors to
imp.c7ing the present engines and not just the so-called B3 engines; which may not snter service
until after 1990,

[ Furthsr discussion on associated heat txansfer phenomsna should be orgsnised. PFuture engine
improvements will depend greatly on tuning the heat transfer process to resduce clearance.

4., DISCUSSION

The papers have been slightly rxegrouped, to allow development of the different subjects starting
from the views sxpressed by urs:’s.

4,1 USERS VIEW OF SRAL TECHNOLOGY

Paper No.l by L.P. Ludwig identifiad tha effect of rising fusl prica on the signtificance of the
fuel term in DOC. Recent development to high overall pressurs ratios was cited as the significant
factor in causing gas turbines to bs more sensitive to soaling standard. Large values for in-service
parformance deterioracion were described, references being given for commercial and m{litary operation.

Paper No.5 by C.R. Smith enlarged on thess thewas, particularly emphasising the angine suppliers!
rasponsibility to ensure the opazator gets a good rsturn on investment. Fusl consumption was the largest
factor in DOC and deterioration of specific fual consumption thersfore particularly critical, both for
its direct effect and the conssquences on shop loading and overhaul costs of trying to maintain the fleet
at the best average laval of performance. Primary gas flow path saaling was the major source of parfors
mance deterioration, although secondary flow system sealing could not be ignorad. Primsry flow path
datexivrations wera caused by tip abrasion (unshrouded HP turbine blades) and excessive erosion of static
shrouds. Wear of bearing chamber carbon face seals were associated with high tempsratures and long time
between overhauls. The nead for closer control of ofl cooling of the rubbing elements was identified to
prevent the coking which often occurs at long lives. The financial incentive for improvement of sealing
technology was stated to ba tha current cost to the operator arising from sealing problems e.g. for a
large US operator: §l4m annually. The 'Sealing'! cost might eventually reach 70% of the engine wainte=
naice bill. An appropriate economic climate therefors exista in which to promote the necessary research,
dasign and developmen: effort.

4.2 SBAL MANUFAGTURK, RUBBING AND EROSION

The significant causes of performance daterioration identified in 4.1 are categorised in paper No.l
by L.P. Ludwig, which surveyed the available seal lining wmaterialy and their limitations particularly with
respect to environmsntal tempersturs and rub eneigy., Blade tips and labyrinth seal knives have required
abradable statfic liners. Choice of liner has usually been an uncertain proceéss not helped by ignorance
of penstration rate, The balance hetwean good abradability and erosion of the liner has besn difficult
to achieve. A cine=film {llustrated short and repaated hot rubs, a similar phenomenon being described
in ref.A with low rub penstration rates. Graater certainty was indicated for the coating of 2 drum
rotor, usually a hard oxlde abrasive. The potential benefits of cersvic or cermmic/metal shrouds for
HP turbina blade tips wes indicated, further research baing required owing to the very high local heat
transfer cosfficients present.

Paper No.2 by J.Gs Perguson describad testing techniques of differing sophistication for abradable
linings. The dabris removal machanism was cited as & possible cause of discrepsncy batween rubbing tasts,
highlighting the reguirement for truly representativs testing including airflow. Method of spplication
an well as the cowposition of tha abradable lining have been significant factors in determining quality.
Experimsntal techniques for tes:iing sbradables have not allowed confident sslection of materisl for angine
seals. A.R. Stetson in Paper No.) deslt specifically with compressor vane tip abrasion. The value of
an extremely sharp abrasive in minimising vane metal loss, tip distortion and cemperaturs was clearly
astablished. By ioplicat{on increase of clearance abova the pre-determined psnetration was slso minimised.
Plasma spraying wvas shown to reduce ths abrasivensss sexriously and {t vas necessary to usa a low temparature
bond to avoid this. . The coating could be easily sprayed to msise and raquired curing. 1t was cleared
for use at up to 700 K.

Another msnufacturing technique, for en abradable felt, was described in Paper No.4 by A. Hivert. As
with the abrasive material of the previous paper low thermal conductivity was s characteristic, The
manufacturing process for the fibres and the moulding tachniqus for the felt were deacribed. A soluble
bond for sasier repsir was availsble for temperatures up to 611°x, Bragzing was necessary st higher
tenperatures.

The lack of consi y bet rig and engine tests of abradable tip seals noted by J.G. Perguson
is also brought out in Paper No.l4 by G.W. Elrod. 1In order to tackle this deficiency sn engine represent.
ative rig has bsen designed snd is currently being commissioned. A specific feature of testing will cover
titanium ignition phenomsna. Complementary testing with laser ignition of repressantative titanius alloy
ssmples vas describad. Tha effect of air velocity, pressure and tamperaturs on burning rate and propaj-
ation to othar Vsarcfoils' was exsmined. Fires could be extinguisbed by a high concentration of Argon.

* B? = energy efficlent sugine
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4¢3 ADVANGCED SEALS AND LABORATORY EXPERIMENTS

The introductory survey by L.P. ludwig described the use of sliding face seals for bearing chamber
saaling in a high pressure environment. An example showing substasntial SPC improvemsnt compared with
labyrinth seals was given.

Paper No.ll presented by E. Bollina described a vange of tests undertaken on small, low rubbing
spaad, hydraulic face seals. Data were presented vhich showed the affact of rotational speed on pumping
between the sliding contact faces. (The cooling flow rates appsar to be gensrous for the sixg of seal
and yimilar values for oil as the cooling medium could prasent difficulties with oil feed and scavange
in small gas turbines). An approach to the design of such a seal 1s provided by Dr B.S, Nau in Paper
No.19. The interface loading in the gap between the sliding surfaces is considered and a computational
model presented which allows for cavitation in the interfacs. When program testing is cooplate correl-
ation with tha results of Papsr No.ll should be considared.

LePs Ludwig's second paper (No.16) showad that soms important aspects of gas turbine secotidary flow
system leakage can ba tackled with a fair chance of success. The examination provided for pnaumatic
salf-acting seals, showed that high enough values of pressurs, rubbing speed, face run-out and tempaxature
have already baan demonstratad to allow consideration for arduous gas turbine application. PFurthermore
heat gensration was mich less than conventional carbon contact seals. Msthods for dealing with steady
and dynamic (seal face runout) situations wara described and performance and wear charactaristics in tests
up to 300 hours duration were discussed. With further effort to provu reliability and in particular low
vear rates over a long period, it should be possible to provide a feasible alternative to the present
nathods of sealing besring chambers in high pressurs environmants.

Paper No.17 by Professor D. Dini sgain identified the advantages of the self-acting pneumatic seal
as one of & range of advanced seal types proposed for modern high pexformance gas turbines. Inexpensive
laboratory testing but at engine representative conditions has shown the low leakage potentisl but with
soma variations, which may be due to unanticipated local distortions, The paper showsd the need to
understand accurately the force mechanisms in such seals, if consistency and long 1ife are to ba achieved.
An oil slinger sesl vas mentionad, which was also covered by D.C. Whitlock in Paper No.7., This type of
saal 1is quite positive and has no rubbing parts.

Papsr No.l3 by H.L. Stocker considered performance development of lsbyrinth seals. Results wers
prasented which showed gains from vefinemant of seal knife configuration and the effact of the materisl
and construction of tha static membar. At 0.51 mm clesrance and seal pressure ratio of 2.0 (conditions
for which stepped seals are generally considered), s leaksge flov range of greater than 2:1 was indicated
for the full range of seuls testad.

At the larger clearances the value of a honeycomb lining on a straight-through seal,and knifs in.
clination for a stepped seal was highlightad. The data are particularly important for demonstrating the
affact of rotation. It is clear that the sngine designer has bsen provided with good labyrinth seal
performance data, from which seal configurations can be selected, providing of course considerstion for
the mechanical and rubbing behaviour is given.

Iategrity rather than engine parformance was the motivation of the remaining two papera in this
section. T. Boyman in paper No.8 pressented data relevant to bearing chambers sealed by low pressure
drop labyrinths. More accurate prediction of the failure point, defined by oil lesaking from the bearing
chamber through the labyrinth, should bs possible from the velationship established batwaen oil outward
diffusion rate and inward atirflow. H. Benckert in Paper No.9 described the theoretical and sxpsrimental
examuination of the pneumatic forces present with awirling flow through a labyrinth. For machines oper-
ating with high density flow the forces can be significant. PFurthar work is in progress covering
changoes to tha labyrinth proportions.

4.4 SYSTEM DESIGN AND MEASUREMENT TECHNIQUES

Integration of bearing chamber seals into the design of the oil system, with particular reference to
venting and scavenging arrangements, was described in paper No.7 by D.C. Whitlock. Seal performance was
described and assessed against the background of system integrity. Designs ranged from labyrinth saeled
chambers of varying degrees of sophistication, to carbon face seals and positive hydraulic seals using
the strong centrifugal fields present. Principles and cxiteria for chamber design, of value to tha ungine
designer, were astablishad.

DeAs Campbell in Paper No.18 presented an approach to the dssign of disc sealing and cooling systems,
sn important topic owing to the large disc entrained air flows on present and future high rim spead discs.
Minimising the cooling air supplied t> dis¢c cavities is depandant on associated sesl perfurmance. It is
important in the design of these systems that secondary flows ara not reduced at tha axpense of disc
intagrity. A benefit of 0.3X% SFC was guoted for halving disc eealing flows on a large transport engine.

PeRsAe Stewart and KeAe Brasnett in Paper No.10 on X-rzy measurement techniques described a powerful
diagnostic tool, which doss not require special engine preparation other than installation in a medically
safe test bed, Transient surveys have generally been made to dafine ths timing for instantanaocus Xeray
photographs, of high acourscy for a wide range of metal thicknesses. Complemsntary methods, which can
provide continuous output of clesrance but which require an engine to be specially instrumanted , were
described in Paper No.12 by GeR. Amsbury and J.W.H. Ghivers. The valus of the existing techniques in
understanding saal clearsnce bshaviour was stressed. [Even 80 the need for further developmont of maasure~
ment techniques was indicated.
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5. ROUND TABLE DISCUSSION

; . Mamberss Mr AJJ.B, Jackson (Moderaior), UK
L Ing Gen A. Journeau, France . )
’ Mr L.P. budwis, UeSsh» ' b
Prof F. Wazelt, Garmany
Mr B, Wrigley, UK

I

Each of the members gave thair comments aftar which there was general discussion.

Several speaksrs emphasised tha need to incrsase research and development activity. In no way was §

the effort thought to be aquivalent to that in the primary turbo machinery areas, particularly when sllowe B

ance wvas made for the poseible return on investmant. F. Mahler drew attantion to the increased depend- J

. ence on good sealing of the futurs energy efficient engines and suggested that componsnt aezodynsmic
design could be dictated by sealing technology.

: Attention was also drawn to the nacessity for engine designs which maintain roundness and concente f
' ricity, It was suggested that positive evidance was available from the most recent largs subsonic trans- {
: port engines, that attention, particularly in thea conceptual phase of design, to rotor and casing rigidity, |
| will substantially reduce in-service deaterioration rata. )
p !
{ The importance of good msssurement techniques was again emphasised. Although the tarms of reference :
of the conference wers limited to seals with relative movement, soms speakers used this discussion to i -
identify leakags potential betwesn ad!acent stationary parts. The valus of the confsrence was stressed { )
! as was the need for further meatings. | )
. b
‘\ In his resume Mr Jackson again emphasised the powerful incentive for advancing sealing tachnology. :
’ ‘ He thought thut the technology was considsrably behind turbomachinery and posed s question for operators, :
Tsking the analogy of hot end life extension by adopting 'flaxible® thrust ratings, were there cperating 4 p
! techniques which would extend seal lives? P
l "
; 6.  CONGCLUSIONS 3 2
i . . In-service performance deterioration is serious in its dirsct financial impact and also dus to 4 ‘
| its effect on the maintenance and repair burden. | ”
§ [ Seal daterioration, particularly in the primary flowpath, contributes substantially to the § -
" performance deterioration. Although the majority of fresh evidence was from commercial operation, i .
v't it 1is well known that the Alr Porces suffer similar problems. d
} [ Although much vessarch in this field is in hand, the coumitment of resources and money is not \
) commensurate with either the need to fix current engines or tha potential return in future ensrgy } !
H . efficiant engines. It appears from an assessmant of the papers, against the background of service :
l problems, that the majority of ths current xessarch work is of a 'fire«fighting! nature. This
| sesms to apply particularly in the fields of rubbing and erosion, whare only slowly is a systematic |
‘ campaign, aimed at providing a sound bass for future designs, being mounted.
| . An sbrasive costing should be fiarcely abrasive to minimiss wear bayond the -unetration depth and ‘
to minimise haat generation. Such coatings are feastble. Plasma spraying seriously reduces § N
. abrasiveness. '
4
. |
;1 . The relationship between labyrinth seal flow resistance and clearance and lining material, has been :
. established for a range of labyrinth configuzations. Howaver there is scope for further correlation ! .
: l of axisting test data. ¢ b
[ ] Sealing problems generally require an understanding of clearance varfation and measurement techniques | 8
' are vital, Useful techniques, including X=ray measurements, have bsen descrided but the need for )
| wvuch mors compact probes, which can provide a continuous signal, was identified. ; 3
| .
] [] 1t sppears that there is considsrable variation of opinion regarding the sensitivity of compressor { ]
a afficiency to tip clearance. ¢
| ' :
) . Diffsrent engine companies adopt a traditional, perhaps even reactionary approach to bearing chamber } .
\ sealing. This caution is & consequence of the nacessity for extremaly high standards of integrity ¢ 2
in this context and the failure to provide engine demonatration of slternative approaches. i
; NASA work on pnaumatic sslf-acting seals is encouraging, particularxly for high praessure envirommnts, {
b ) and has the potential for overcoming some of the draw-backs of current lov leskage seals, \
i

| 0 Heat transfer phanomena associated with clearance control was not covered adequately. Thae following b
o areas are clearly importamtse A

¢  thermal responss of zotating discs 1
] casing thermsl responss, particularly the heat transfer mechanism over blade tips

[] heat distribution during a rub

] Future ensxgy sfficient engines are likely to prove more demanding with respect to ths standard
of ssaling required.

o !
3 I ° local effects in labyrinth seals
|
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GAS PATH BEALING IN TURBINE ENGINES

by
Lawrence P. Ludwig
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

SUMMARY

A survey of gas path seals is presentod with particilar attention given to sealing clearance elfects on engine
component efficiency. The affects on compressor pressure ratio and stall margin are pointed owt, Various case-
rotor relative displacements, which affect gas path seal clearances, are identifiod. Forces produced by nonuniform
sealing clearances rad their effect on rotor stability are discussed qualitatively, and recent work or turbine-blade-
tip sealing for high temparstures is described. The need for uctive clemrance control and for engine structural
analysis is discussed. The functions of the internal-fiow system and its seals are reviewed,

1, INTRODUCTION

Alroraft gas turbine engines have many sealing locations: slong the shaft, over rotor blade tips, and between
stages, A large engine may have over 50 (Fig, 1), and the curaulative effect of leakage on engine power, thrust, and
sircraft range can be significant. Reference 1 characterizes gas path sealing as a fundanental and continuing prob-
, lem, which worsens as gas turbine engines advance to higher oycle pressures and temperatures. Of partioulsr in-

urod is the effect of sealing on ongine efficiency, which has taken on added interest because of the pending petroleum
scarcity and attendant higher prious.

The airline industry in the United States consumes only 10% of the total petroloum domand in the United States,
By 1985 consumption may reach 18% (Fig., 2 from Ref, 2), but fuel cost may markedly impact the alroraft industry,

Reforence 3 emphasizes the noed for low fuel consumption now and in the near future because of fuel prices, with
fue] reaching 53.5% of the direct operating cost (DOC) when the price is 50 cents per gallon (see Table I), In the long
term, when demand for oil exceeds productive capacity (Ref, 4), & sharp price inoresse is anticipated by some (woe
Fig. 3). In general, antioipsted fuel scarcity and prices mean that new engines, in addition to the four basio require-
meonts of reliability, durability, low maintenance, and increased power, must also be fual efficient.

Roference 6 gives additional information on the relstive impact of various parameters on DOC and this is shown
in Fig. 4, which reveals that DOC is much rore sensitive to changes in spevific fuel consumption (81'C) than engine
weight. Increased fuel scarcity and prices also focus attention on engine performance deterioration, which for high
prossure ratio enginos is due mainly to the opening up of sealing clearances by erosion and wear,

Engines of the 1850 design era operate st relatively low pressure ratios, and clearances over the blade tips were
large enough to avoid xubbing, Modern engines have pressure ratios in the range of 26:1, and to priserve effictoncy
the sealing clearances were reduced, These smaller clearances made rubbing contact at sealing locstions inevitable
and brought about the introduction of "abradable! materials, which are designed to wear saoriftolally,

Abradable meteriais, which van solve only part of the sealing clearance problem, have not beer: fully suocessful
because of the éroulon and wear of bledes. Evidenoe of this is in airline reports, which note on engine overhaul,
that these modern engines deteriorats faster than earlier ones, Typically, high bypass ratio engines have a spooific
fuel consumption (S8FC) increass of 1 to 14 % per year (Ref. 6); periodic overhauls do not fully recover this efficiency
loss (Fig. 8), The final result is an engine with a fuel consumption which is 3 to 10% higher than thet of & new engine;
Rof. 2 places the average fuel consumption incresse &t 7%. For a military turbofan Ref, 7 pluces the SFC increase
st near 4% in 280 hours and indicates that much of this 1s due to increnses in seal leakage, In addition to the effect

ou efficiency, the sealing clearanoes also have a significant effect on the compressor stell margin aud axe dixectly
responaible for "tirust droop" which oan be as high as 12% (R. 7).

The objective of this study was to survey the present state-of-the-art of turhine engine sealing with sttention

given to (1) the sensitivity of component efficiency to sealing; (2) the mechanical and thermal effeots which control
the sealing olsarances; and (3) technology needs,
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2. BEALING LOCATIONS AND SEAL TYPES
Primary Gas Path, Compressor and Turbine
In general, primary ges path seals pexform two functions:
(1) To minimire gam recirculation
(2) To minimize gas leakage out of the primary gas path,
Bealing to minimize gas reciroulation is fornd at the following compressor (Fig. 6) and turbine (Fig. 7) locations:
(1) Rotor stages

8) For unshrouded rotors betwean blade tips and the case inner wall (Figs, 6(n) and 7(x)) and for shrouded
rotors between blade shroud und tho oase (Figs. 6(b) and 7(b))

(b) Blade roots and platforms.

(2) Stator stages - For cantilevered vanes between compressor vane tips and xotor (Fig. 8(b)), and fur shrouded
vanes between the inner shroud and the rotor labyrinth teeth (Figs. 6(s) and 7(b)).

(3) Cavities - Rim sealing (Fig. 7(b)) to prevent hot gas ingestion into the turbine navities,
Bealing to limit gas loss from the primary gas path ocours st the following looations:
(1) Flanges

(2) Vane pivots (Fig, 8(c)) ~ Compressor leskage at the vane pivots can be as high as 0,2% of engine sirflow per
stage (Ref, 8).

(3) Compressor and senl (Fig. 6(d) from Ref. 9) ~ Controls oooling and purging flows and rotor thrust balance,
Leakage is in the range of 0,8% of engine _nlrﬂow !n.wme engines (Ref. 8), Usually moat of this leakage 1s
returned to the primary tlow in a lower pressure region,

Internal-Flow System

Pressurized air, which is bled off the primary flow, enters the internal-flow ayatem and is used to purge
ocavities (prevent hot gas ingestion), pressurize bearing corpariments, act as & sweep gas to prevent lubricant Jeak-
age, ocool parts, snd balance the rotor thrust, The internal-flow is largely controlled by labyrinth seals; although
rubbing carbon soals are sometimes used at the mainshaft sealing locations. Problems arise benauss wear to these
internal~flow system seals changes the amount of air delivered.

Reference 10 points out that inoreases in pressure ratios, bypass ratios, and turbine temperatures tend to in-
crease the thermodynamic loss chargeable to the internal-flow system; this trend 18 indioated in Fig, 8, In which
the SFC peaalty for an increase internal-flow is plotted as a funotion of bypass ratio, According (o those data
the SFC penalty increases when either bypass ratio or pressure ratio i inoreased. In addition, with the oontinuing
trend to high temperatures there is an associated requirement foxr more cooling and purging flow,

The marked effect of Internal-flow system is also indicated by the study of Ref, 11 on the leakage eoffects in a
moall engine having & compressor flow of 2,3 kg/seo (6 lbn/sec), The performance of this engine was caloulatsd
for zero olearanoce and for typloal seal clearances assigned to each position, The results (Fig. 9) show that the most
significant losses are in the labyrinth seals for which the oalculsted penalty is & 17% loss in power and a 74 % in-
creass in 8FC,

As mentioned previously, the internal flows are largely controlled by labyrinth seals at various locations such
as at the comprossor dischaxrge (Fig. 6(d)), high pressure turbine (Fig. 10), and bearing sumps, Labyrinth seals
are attractive beoausc of their mechanioal simplicity, relisbility, and freedom from limitstions on axial displace-
ments, Common configurations are the straight and stopped designs (Fig, 11), Both are reasonsbly effective when
olearances are small, But both lose performance fast with wear. When laxrge cloarances are diotated by transient
thermal conditicns, the performance tends to be poor, But the stepped seals sre loss sensitive to clearance chsnges,
and, in general, have significantly less leaksgo than the straight design.

To obtain close clearances, the labyrinth soals must be designed to tolerate rubs, and the general practioe in
aircraft gas turbines is to place labyrinth teeth on the rotor and ideally have all of the wear, due to interfersnoce,
take place on the stator rub swurface. The remsona for sttempting to have all of the wear ocour in the stator rub sur-
face are;
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(1) In locations in which the rubs tend to be local (Accommodation of ecoentricity, out-of-roundnéss, etc,), wear
to the stator is a lesser increase in leaksge area than the 360° of area increass which coocurc with xotor wear.

(2) In some loostions the realtive diaplacement of the ststor and rotor includes axial and radisl components that
have a correspondence with an engine opersting oondition. As illustrated in Fig. 13(a), it is possible tn accommodate
interferences produced by these displacementis and yet maintain an acoeptable sealing clearance, On the other hand,
if the rotor lsbyrinth teeth wear instead of the stator, the final leakage clearance is inoreased by the intexference
depth of the rub.

(3) Stator wear introduoes the possibility of designing to cbtain ststor/rotor interlooking operstion in some ap-
piicstions (Fig. 12(b)).

Labyrinth teeth are generally thin in order to (a) promote sharp edge orifice flow characteristics, (b) limit the
amount of heat genorated, and (c) restrict the amount of heat conductec into the rotor, Limiting the heat conduction
into the rotox preciudes a rotor thermal response, which could aggravate the rubbing and lead to a catastrophic
failure.

An important part of the internal-flow system is the engine mainshaft seals, which protect the bearing sumps
as illustrated in Fig, 18. Xigure i4 shows several shaft seal schematics for the turbine bearing sump loostion,
Here the basio problem is the protection of the bearing sump from the turbine cooling gas, In early engines the
oooling gas pressure and temperature was relstively low and a single labyrinth seal, which restricted turbine cooling

gas leakage irto the sump, was sdequste, Single labyrinth seals have besn usad to pressure differentials of 34 N/c:mz

(60 pai), At these pressuves the efficiency loss due to seal leakage was generally insignificani, However, a disad-
vantage of the lshyrinth seal, as comparod with the close-clearance seals (circumferential and face), is easier pas-
sage of aixbome water and dirt into the sump, In addition, for labyrinth seals, reverse pressure drops must be
avoided to precluds high oil loss, In fact, a slight positive pressure differential should be maintained to prevent oil
loakage,

When high-pressure air is required for turbine cooling, the multiple-labyrinth system (Fig. 14(b)) is ofton used
{in large engines), In this system low-pressurs compressor bleed surrounds the sump, and benoce, provides thermal
protection; leakage into the sump provides the required sump preasurization, The multiple-labyrinth seal system
has higher operating temperature and speed capebility than rubbing contact seals and has besn used to 280 N/mn2
(400 psl) and 822 K (1200° F). However, as engine size decreases, the multiple labyrinths becomes difficult to spply
because of space restrictions (vents, bleeds, lines, etv,). Small engines therefore, require other solutions,

Conventional face seal technology (Fig. 14(c)) can be used to replace the multiple labyrinths up to pressures of
90 N/tmm2 (130 pai) and to sliding speeds of 122 m/aec (400 ft/sec). In another arrangement, which is used in some
modern large engines, the labyrinth seal next to the bearing is repluced by a face seal (ves Figs, 10 and 14(d)); this
buffered faoe seal mystem has the advantage of relatively low leaksge into the bearing sump, Also, bearing sum re-
verse pressure Jifferentials are more readily tolersted. Further, acoording to the analysis of Ref, 12, the buffered
face seal oan significantly lower the effiofency penalty below that of the multilubyrinth seal system, This analysis,
which was made fox a large trensport engine with a 25:1 pressure ratio, showed a leakage lows of 0, 88% of engine
sirflow for the multilabyrinth seal system, In oontrast, the buffered-face seal system bleeds less air froin the
compressor, and the seal system pressures pormit recovery of the bleed loss in the low-pressure turbine. The net
result of the analyais was a predioted 0.6% SFC gain,

In wddition to face and labyriuth seals, ring seals are also used for mainshaft sealing. The simplest is the
“floating" ring (Fig. 15(n)) which is so named because it is not restrained from moving in a radial direction and,
therefors, can operats with less loakerge gap clearance than the conventional labyriuth seals (Ref. 13),

Rubbing, circumferential seals operate with very low gas leakages and are therefore sttractive, but the pres-
sure differential capability is generally low because of the rubbing oontuct. The almplest circumferential rubbing
seal is composed of & segmented sarbon ring (thive 120° segments) held togethor by a garter spring cn the outside
dismeter (Fig. 15())., The gaps betweon the adjacent ends of the segments are a source of air leskage into the
beaxing cavity.

Other ciroumforential seal designs incorporste multiple rings with overlapping joints to eliminate the leakage
st the gaps between the segments, Prossure balancing of the segments maximizes the pressure and speed capability

(Fig. 15(c)). Reference 14 reports successful operation of a pressure balanved circumferential ssal to 68 N/om
(85 pwi) and 73 m/weo (340 ft/se0),

In partial summary of this seotion, mainshaft sealing st the turbine bevaring loostions is socomplished by
several different designe: (a) multilabyrinth seals, (b) rubbing contact seals, or (o) & combined system of & rubbing
contact and labyrinth seals. Labyvcinth seals heve high leakage, whioh cin be & performance penalty, and in small
engines with restrioted space the high leakage rates axre diffiouit to acoommodate. On the other hand, contact seals
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have low leakage but have limited pressure and speed capabilities., A need, therefore, exists for mainshaft seals
which have low loakage yet are able to function at the pressures and specds expected in advanced engines (preasure
rutlog‘ in the range of 45:1 (Ref. 16) and seal sliding speed could reach 183 to 244 m/seo (600 to 800 ft/mec)).

3. LEAKAGE FLOWS
Blixde and Vane Tips Leakege Flows

+  Leskage flow between the blade (or vane) tip and the adjacent wall is due to
]

,/ (1) The pressure difference between the suction and pressure side of the blade

(2) The relative wall movement,

The velocity gradient of the flow relative to the blade is representod by the classical Coustte flow profile indicated
in Fig. 18, And the velooity profile produced by the pressure difference is probably similar to that of a slit type of
orifice; that is, the clasgical fully developed profile is not ohtained beonuse the ratio of blade thickness to clearanoce
is small.

In the case of a compressor blade or vane tip, the pressurs difference and the relative wall movement both act
to cause leakage in the same direction; in a turbine these two effects oppose each other. In generil, the leakage
over the tips flows in a direction tending toward a normal to the main flow, and the resulting interaction of these two
flows is described by mome (Refs. 16 and 17) as a tip vortex such as that deplcted in Fig. 17, Referenoce 17 gives a
detailed description of the tip leakage interaction with the boundary layer. Figure 18 shows that tip leakage flow of
rolatively high energy tends to turn beck the lower energy secondary-flow and form a core of low energy fluid; this
core is pushed further toward the blade presauxre side as the iip leakage inoreases. Observations made by the author
of Ref. 18 using & multistage axial flow hydraulic pump confirm that this slot discharge rolls up into a vortex.
Losses are considsred to arise because the velooity component normal to the chord is not recovered,

Roference 19 presents a method for predioting tip clesrance effects in turbomuachinery, and s semiompirioal
expresaion is formulated using a model in which the lift is uniform along the span and only a paxt of the bound vortex
is she’ slong the tip. Doundary conditions are satisfied through use of image vortioes, and the associsted flow is
used to predict §  ced drag. The semiempirical expression for efficiency drop An from the analysis by Ref, 19 is

0.7\

an = 1)

(1 ﬁm

in which
A = o/s, tip cloarance/blade hoight ratio

2(AP,
30, AT, BP0, en
pUz pUz

= 1noan air angls

¢ =blade loading =

™
A = aspoot ratio of blade

¢ = flow cosfflotent = 2 » fluld exit volootty
u blade speed

The preoceding formula is for a cascnde and does not include rotation effocts. Also, the formula's applioability
needs to be established over a wide range of dasign parameters. This suggests a neod for a beiter mathomatioal
model which would scourately reflect the effects of the various parametors. The complexity of the flow and ¢he
interaction of the many parameters (such as choxd length, blade loading, aspect ratio, Mach number, rotational
spoed, oto.) suggests that the expreasioa will continue to be semiempirioal,

Labyrinth Seul Flows

Two basic sppxoaches ars used to prediot labyrinth seal leakages: one is based on a pipe friction model, and
the other, which seems to have wider scoeptance, is based on & series of throttlings. The physios of the flow is
fllustrated in Figs. 19 and 20, Ideally, the kinotic energy incroase across each annular orifioe (stations 1to 2 in
Fig, 19) is complately disaipated in the cavity (stations 2 to 8). In sotuality, the kinetio energy dissipstion la not
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completo, and Egli (Ref. 20) introduced the concept of "oarry-over" (see fluid dynaraic model in Fig. 20) in order
to account for the incomplete dissipation of kinetic energy in straight labyrinth seals. Reference 21 gives the follow-
ing convounlent form of an Egli equation for calculating leaksge, W:

W=Apa quPu @)

where A ls the leakage area; ¢ is the flow function and & function of N, Pd/Pua « 1s the discharge coefficient and
a function of t, oft; y s the carry-over factor and a function of N, o/s; P, Is the upstroam pressure; P, isthe
upstroam density; N is the number of labyrinth teeth; o is the clearance; t 1is the tooth thickness; s is the tooth
spacing; and P, is the downstream pressure. The valuesof ¢, «, and y are obtained from the graphs in Fig, 21
from Ref, 22,

From the flow function curve (Fig. 21) it is seen that increasing the number of throttlings decreases flow hut

that the gain beyond six teeth is small, This is one reason why labyrinth seals in airoraft engines generally have
#ix or fewer teeth,

The discharge coefficient o is affected by tcoth shape, tip thickneamto clearance ratio, pressure ratio across
the tooth, and eccentricity, Extensive experimenis (Ref. 1) have shown more complexity than indicated in Fig, 21(b).
For example, the effects of tooth shape on discharge coefficient is given in Fig, 22; thete data show a significant
sensitivity to tooth shape, Sharp corners provide the lowest discharge coefficient; however, from s prectical view-
point, labyrinth seals generally rub, and rounded corners are common, particularly if the ststor rub material {s not
easily sbraded, Thus the discharge coefficient may approach that of a noxzle, (Please read Ref, 1 for a more com=
plete coverage of discharge coefficient.)

Experimental data are often expressed in terms of an overall flow parameter @, which includes the flow func-
tion ¢, discharge ocefficient «, and the carry-over factor 7y, Therefore, equation (2) can be expressed as

P

W = pA —L (9)
Ty

An example of experimental data for a labyrinth seal with foux tecth is shown in Fig. 23, in which the flow parameter
¢ is plotted as a function of pressure ratio, These data indioste choking sbove a pressurs ratio of about 2,5, Moast
engine manufacturers have considerable labyrinth seal experimental data, and their semiempirical analytical tech~
nigues based on these daia (e.g., Figs. 22 and 23) permit sccurste prediction of the leskage, The major errer prob-
ably comes in clearance estimation,

The potential payoff of reduced leakage validates the continuing search for improved labyrinth soals, Potential
reductions may result from the following:

(1) Stator rub materials that inorease dissipstion (data in Ref, 23 show that a honeyoomb stator rub surface is
moast promising)

(2) Tooth edges that retain corner sharpness under rubbing and erosion oonditions
(8) Geometries that reduco carry-over effects

(4) Theoretioal atudies for added insight with less dependence on empirical data (provide optimum designs)

(5) Closer running clearances.

4. SEALING CLEARANCE SENSITIVITY
Compressor System Sealing

Many paramecters are associsted with blade tip clearance leaknge, wome are blade loading, tip thickness, aspsot
retio, wall relative speed, and Mach number, Bui the one favored as the most significant by many investigstors is
the ratio of clearanoe o to blade hoight s, Referenoes 1, 24, and 28 ocontain experimental data on relatively large
dismeter fan and compressor sfficlency as a function of either clearance or o/s retio, The data of Ref, 1 are in
terms of a penalty on s baseline efficlency at neaxr rexo olearance (Fig, 24); the absolute levels of effiolency are not
given, On the other hand, data in Refs, 24 und 26 are in termo of effiviency levels, and the penalty on an effiolency

lovel at near zero clearance can be obtained through extrapolation. This, however, requires gome knowledge of the
behavior of the efficisncy curve at small ¢o/s ratios.
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Inspection of the relationship between efficiency penalty and o/s ratio in Fig, 24 reveals these general features:

G

! (1) The initial slope of the curve at very low o/s ratios (~0.0005) has about a 10% efficiency penalty for each
f 0.01-increment in o/s ratio.

(2) The final slope of the curve is conatant beyond a o/s ratio of about 0,008 and has a magnitude of about 2% b
efficiency penalty for each 0.01-inorement in ¢/s ratio, 3

(3) There is no indication of an optimum finite clearance irom an efficiency standpoint (although Ref, 19 presents
| a heuristic argument for the sxistance of an optimum clearance),

Reference 25 shows experimenial multistage compressor efficiency as a function of tive different clearances
(sea Fig, 28). The closest clearance provided a o/s ratio of 0,011, This compressor, referred to in Ref, 25 as
; ""Alice, " had eight stuges and ran st a mean biade speed of 93.9 m/sec (308 ft/sec). With reference to Fig. 25 the
: slope of the curve is constant over a wide range of c/s and has a magnitude of 1,95, This is added evidenoe that
! the tinal slopo of the sensitivity curve shown in Fig. 24 may heve general applicability.

Dats on clearince effects of single-stage fans (Ref, 24) ranges between a o/s of 0.0014 to 0.0118, Thuas the
. data, which are shown in Fig. 26, span a rogion in which the slope of the sensitivity ourve is rapidly chenging,
whereas the data for the "Alice' compressor is entirely within the final constant slope region. When drawing the
curve in Fig. 26, it vas assumod that the initial and final alopes would be the same as those in Fig, 24, These as-
sumptions seemed to agree with the general trends of the curve and permitted a ahort extrapolation to obtain a base-
line efficlency at a o/s of 0,0005, This extrapolation permits the data to be expressed in terms of efficiency penalty
from a baseline. A comparison with that from Ref, 1is given in Fig, 27. Data from Ref, 24 indiosie a grester pen-
alty, and the variances suggest additional studies ave needed. In particular, data are needed at smell o/s ratios,

Generally, the effect of leakage 1s more significunt in the small engines because, the leakage flow area is rela-
tively larger. However, a significant problem in lurge engines is blade tip rubbing from case bending (Ref, 26) and
out-of-roundness, (This is discussed in a later section,) Even though small engines tead to be stiff and hold round-
ness, amall engine compressor efficiency tends to be about 5% less than that for large engines (Ref, 27), This fuot
places inoreased emphasis on reducing penaltiea caused by clearance effects,

i
|
|
|
} For a small axial compressor with a diameter of 11,770 cm (4,834 in.), Ref. 28 shows & maximum stage effi-
| clency at deaign speed of 83.3%; the running tip clearance was 0,78% of the rotor blade mean span, And when the
i rotor dismeter was machined down to inorease the clearance to 2, 14% of biade span, the efficiency decreased by
. ] 5.5 points. Additional data on small axial compressors are found in Ref. 27, which contains a compilation of various
K ‘ sources. There are varianoes between the seta of data, but all data indicate a serious degradation of efficlency dus
§
|
1
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to clearances. A typical rats is & 1, 5-percentage-point loss in efficiency for each inorease of 0.01 in clearance to
span ratio,

Clearance effect data for centrifugsl compressors are given by Refs, 27, 29, and 30; typloal data are shown in
Fig. 28, For axial clearance changes at the tip, data from Ref, 27 show & 1,00-percentuge-point loss for each 0,01
inorease in c/s ratio (s is the axial depth of the blade at the tip). In contrast, Refs. 20 and 30 indicate a 0,37 %o
0, 49 percentage point loss,

As with the larger dismeter comproessors, the data for small-diameter compressors (axial and radial) show
considerable affect on efficiency however the varianoes suggest that additionsl studies are needed. Since datm for
the small comprossors are for c/s ratios above 0,02, there remains the question of how efficiency changes with
clearance below & o/s ratio of 0,02,

In some engine designs the compressor stator vanes are cantilevered (see Fig, 6(b)), and the clearance effects
are somewhat similar to thoso of the blade tips. Reference 1 gives data on efficiency penalty as functions of clear-
ance to blads height ratio, and these data are shown iu Fig, 26. In comparison with the blade tip data of Fig. 27,
the penalties are not nearly as severe,

L i e

The other type of construction ussd iu stator vane seui’yx is the inner diameter shroud depicted in Fig. ().
! Compared with the cantilevered constructions, the innur shroud and assooisted labyrinth seal form annular passages
' underneath the primary flow path, snd these passages allow ciroumferential flow; the net result is detrimental effect
on stall maxrgin,

' ‘ Figure 30 (from Ref, 1) shows sfficiency penalty for clearances i the stator vane/inner shroud type of con-
4 struction, The data tn Fig, 50 are for labyrinth seals having two knife edgas with no oavry-over blookage (no

- | stepn), A oomparison of the penslties in Fig. 30 with thowe for centilevored stator vanes shows that the inner
§ }] ahroud censtruction has less effect on oompressor efficlency.
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In regard to the preferred type of vane sealing, the inner shroud construction produces undesirable annular pas-~
sages which allow ciroumferential flow; on the other hand, inner shroud construction provides greater structural
integrity. 'Whis is important from an F.0.D. und sercelastic stability standpoint, Further, in cantilevered construo-
tion, the clearance between the vane tips and rotor mumst be selected to avoid hard rubs, and therefore is genorally
laxger than for the inner shroud construction, Vane tip rubbing has, in some cases, triggered a rotor thermal re-
sponse foedback which incrvased the rubbing mseverity until catastrophic failure. However, an additional factor which

favors the cantllevered construction is the significantly lower boundary-layer tempersture (ut the inner gas path) than
with the shrouded stator vanes (Ref. 10). '

In addition to the effect on efficiency, blade tip clearances alsc affect the stall margin and the pressure ratio.
Reforonce 24 supplies valuable data in this regard, and some are shown in Fig, 31, The steep slope of both curves,
as clearanoces are decreused, muggesta a large potential improvement if close running clearances could be obtained,
Refereuce 28 also provides data on atall margin as affected by clearance for a single stage fan with a relatively low
tip speed of 88,1 m/mec (223.4 ft/sec), Tip clerrances of 0,3, 0,6, and 1,2 mm (0,012, 0,024, and 0,047 in.) were
used, mxlthese gave ¢/s values of 0,0033, 0.0087, and 0,0133, Using the largest clearance as a basis, the stall

margin improved by 4.7% when the clearaince was reduced to 0.6 mm (0,024 in,) and improved 7,1% for the 0,3 mm
0.012 in,) clearance,

Turbine System Sealing

The decrease in turbine efficiency associated with an increase in clearance is due, in part, to unloading of the
bisde by leakage over the tip, and to the inoremse in flow area over the blade tips, In addition, when the increase in
olearance oocurs becauss of blade wear, sn sdded loss is nssocisted with the deorease in active blade area. In this
regaxd, it is prefexable to have the case wear iustead of the blade, This is also true of compressors. Thess two
idealized extremes, woar to the blado with none to the case, and vice versa, are illustrated in Fig, 32, Interference
between the blades and oase, which leads to wear, is usually caused by transient thermal differences between the
rotor and the cuse, This is disoussed in a later section,

Daia from Ref, 31, which is repeited in Fig, 33, reveals thut changes in clearances axw accompanied by signifi-
cant changes in both exit flow angle and iocal efficicncies over the entire blade height, These data are for different
clearances (up to 8% of flow passage height), which were obtained by machining down the blade tips, Near the tip the
exit flow angles ohowed a luvge change, nearly 40°. In addition, the aversge flow ungle scross the flow passage
changss. This indicates that underturning accompanies inoreases in leakage through the clearances, Alwso, Fig.
33(b) reveals u large variation in local efficlency noross the entire blade height with the greitest change ovourring
between the mean radius and the tip, Thus, clearance can aifect the flow acroas the entire blade apan,

Reforences 32 to 34 contain experimental data on the effect of tip clearances on turbine efficiency, and Ref. 34
contains s comparison of these data, which is shown in Fig. 34, These coinparisons, which are expressed as frac-
tions of xero-tip-clearancve efficiency, were oktained by linear extrapolation to gero clearance. Lispection of ¥ig, 34
revoals, in genersl, a significant impuct of tip clearsnce on turbine efficiency, and the data show that a groster luss
is ussooiated with reaction turbines,than with impulse types, apparently becauss of the higher preasure differance
across the blade. In this regurd, the resction turbine used in studies of Ref. 34 had an efficiency loss of 2.0% for
a clearance change of 1% of blade height when the clearance change was produced by machining down the blade tips.
But when the oclearance was obtained by machining out the ¢ase, and with the blade tip diameter equal to the casing

inside diameter (see Fig. 35(s)), the efficiency slope for a reaction turbine was 1,8% for a clesrance change of 1%
of blade height.

For these machined case configurations the optimum efficiency ocourred when the blade tip diameter was equal
to the case inside diameter (Fig. 36(s)); when the blade tip was below the oase inside dismeter or when the blade
protruded into the machined recess (Fig. 36(b)), the lovses were greator, For example, the dats of Ref, 34 show
that for a cloarance of 2% of the blade height, the effiolency drops from 97 % foxr xero blade extension iuto the recess
(Fig. 36(n)) to 96% for a blade extension into the recess of 3,5% of blade height (Fig. 386(b)).

Radisl-inflow turbine cloarance date are reported in Ref, 38, Studies included the effect of axial clensances st
the entrance and exit and the sffect of radial clearances, The data reveal sensitivity to radial clearance coraparable
with that for the axial flow turbines,

Influsnoe Coefficients

The real measure of the effect of seal leakages 1s in its affect on specific fusl consumption (SFC) which is in-
versely proportional to the product of cyole and propulsive effiolencies (Ref, 18). The cycle efficlency is limited
mainly by gas generstor component efficiency and by airblesd requireraents for hot-section cooling, ¥or & high by-
pass engine the propulsive efficiency depends, {0 a great extert, on the efficiencies of the components acting on the
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bypass stream, thus the fun and low-pressure turbine efficiencies are a major influence.

Reference 16 provides data on the influenoce of various high bypass engine component sfficiencies on the specific
fuel consumption and these dats are repeated in Fig. 36, It is noteworthy that for a high bypass engine a low-pressure
turbine (LPT) efficiency change causes the greatest change in BFC; a 0,86% improvement in SFC for each percentage
point inorease in turbine efficiency, The high pressure compyxessor (HPC) and turbine (HPT) each provide about 0.8%
SFC change for each 1% change in component efficiency.

Reference 6 provides influence ooefficient type data, in terms of fuel consumption senaitivity to component dete-
rioration, for the JT30-3B and JTSD-Y engines. These data were determined by mathematioal models of engine per-
formanoe and show, for example, the following fusl flow increases for a 1% deterloration in each of the follow.
ocomponent efficiencies: '

Component Fuel flow increase,

%
Fan 0.20
HPC 81
HPT .58
LPT .69

Interestingly, a 1% incresse iu HPT flange leakage resulted in a predicted increase in fuel flow of 1.22%., ‘This
points up not only the significance of flange sealing but also the large influenoe of any high prassure air loss from
the oyole, In this regaxd, vane pivot leakage and HPC flange leakage have a simllar influence, Almo, it suggests
that variuble vanes for HPT of advanced engines be given close design study in regard to sealing effectiveness,

6. SEALING CLEARANCES

In previous sections the need for close clearsnces in modern gas turbine engines was stressed. A basic problem
is that the radial displecements of the case and rotor are, in gencral, much greater than the desired oporating clear-
ances. An approximate ordering of the more significant transient and nontranaient dispincements whioch affeot clear-
anoe are

(1) Thexrmal response of the case and rotor

(4) Centrifugal and gyrorpic loads

(3) Burge/mtall dimplacemeonts

(4) Thrust, asrodynamic, maneuver, gust, and landing loads

(8) Ovalization and out-of-roundness due to nonaxisymmetric structures, loads, and temperstures
(6) Cusn/rotor vibration sand shatt thermal bow

(7) Assembly eccentrivities

(8) Machining tolexance varistions.

Abradable matorials in labyrinth seals and over compressor blade tips can make sccommodations (or allow cor-
rections) for assembly ecoentricities, machining tolerance varistion between ussewhlion, and out~of-roundnoss.
However, the other effects listed muast be controlled through the integrated mechanical design of the whole rotor-cass,

The trunsient thermal response of the ouse and the rotor is of major conoern, and this response, along with the
centrifugal loading, is one of the most important factors in setting the final oruise olearance. In general, the ther-
mal response of the oase and rotor are not the same because of differences in mass, cooling-sir oirculation, heat
transfor, and materinl, Figure 37 illustrates the general problem of relative case/rotor displacements as it is af~
fected by thermal response and centrifugal losding. The onse tends to have & much fastex thermal response to the
gas path straam temperature than the rotor. The rotor growth is initially due to centrifugal forve during scoslers-
tion, and if assembly clearances are too small, & rub will cccur in the early part of the acoelerstion. On deoelera-
tion, the case's relatively fast thermal response will osuse rubs if full power is demanded after a period of low
power (such us in an sborted landing). This is also {llustrated in Fig. 37 in which the relstively fast case response
has reduced the clearaucs to a magnitude less than the rotor displacement dus to centrifugal force. The problem
oan be mitigated by closer thermal matohing of the oase and xotor, but not completely slved, I vory cloas oruise
clearances are going to be obtainod then some type of active clearance control is needed to eliminate the rub poten-
tial. Inthis regard, Ref. 38 desoribes & osse cooling system, now being used in current commercial engines,
which reducos the crulse clearances in the high pressure turbine, This cooling system is sutomatically ahut off to
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incroass the clearance during potentisl rub situations.

Ar mentioned previoualy, » problem in some engines is a loss in thrust on engine acceleration. This {s thought
to be due to the opening up of certain critical sealing clearances and has buen attributed to the fast sealing oase ther~
mal resporise, Magnitudex of thrust loss in the range of 12% have been reported (Ref. 7) for conditions in which

throttle advance is made on a 'oold" engine; for exumple, when the engine is started, taxied to the end of the runway,
and then accelersted for takeoff,

/ Typioal transient olearances for a high bypass engine are given in Ref, 37 for a first-stege high-pressure tur- !
i bine; these data (shown in Fig, 38) show blsde tip clearance changes of about 0,76 mum (0.030 in,) over a period of
400 seconds.

. b ) As mentioned previously, large sngines have relatively flexible cases and rotors; thess are inherent in large-
¥ ; diameter, flight weight structures. As a result, various thrust, serodynamic, and gyrosoopio loads cause appreci-
able relative displacoments at certain sealing loostions. An example pointed out in Ref, 28 is the engine oase bending
) (1sxge high bypass cngine) resulting from aerodynamic loads on the inlet cowl (see illustration in Fig. 38) and from
the thrust loading, These inlet 1ift and thrust loads, which axe large during climb-out after takeoff, cauwe rubbing
at the 12 o'clock position in the high-pressure compressor and at the 6 o'clock position in the fan,

Reference 26 also points out that vibration characteristios (response to gust, takeoff, turbulence and maneuver
loads) are of fundamental impoxtanos in propulsion system design and that a piecemeal, component-by-ocomponent

i 1 " analysis is not suificient because of coupling effecta. The analytioal method described in Ref, 26 covers the engine ‘
1_ y and airframe related components and has these two main prooedural steps: j

(1) The use of statioc models of installed propulsion system aund steady-ntate londs to caloulate preliminary mag~
nitudes of stresses and deflections

(2) The refinement of the analysis through the use of a dynamic model of an installed propulsion system with

transiont flight loads, gyrosoopic foroas, and rotor unbalance to culoulate stresses, deflections, and
frequencies,

!

\

|
‘ \\ , The analytical model (Rof. 38) inoludes the probability of exceeding a flight load, which will oause a blade tip rubs;
1\ [ {his s expressed in terms of "excoodances" (rubs) per 1000 flights, The data in Ref. 38 show that exceedances are
| a function of engine position, and show most of the change in clemrance due to rubs cocurring duving the first 10

| fiights, ‘This agrees with a conclusion from the study in Ref. 6 that the deterioration consisted of two portions, an

‘ initial rapid rate (wear in), which opens up the clearances, and then a alower rate, which is dependent on exosion

. rate and the humnber of adverse events (comprossor stalls, hard landings, severe gusts, etc.),

|

|

I

|
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In small and large engines a major consideration is the roundness of the case., For example, there could be
trunsient effects such ms the response of a horizontally split compressor oase to a thormal change. In genexal,
horizontal flanges at the split line have a different thermal xesponse from the rest of the case, and the flango also
causes the case stiffness to be nonaxisymmetrio, In the hot section out-of-roundnens is caused by (1) nonuniform )
temperaturos, (2) nonaxisymmetrio structures, (3) localized flange leakage, (4) nonuniform distribution of cooling )
air, and (5) localized flow path gsps (hot-gas reciroulstion). Engine operstion data indicate that bot section out-of-

h . : roundness may be in the range of 0,001 ¢m (0.0004 in.) per centimeter of diametor, Thus, the out-of-roundness

: ' may be groater than the desired opersting tip gap. And as turbine temperetures and prossures increass, both the

N out-of-roundness tendenvy snd perfoxmance penalty will inorease. A partial solution to out-of-roundneas, of course,
{# in obtainlng more axisymmetric tomperature distribution, Also, it should be noted that out~of-roundness can be

osused by strains in adjacent cases; that is, a maldistribution of temperature in one case section can influence the
rouadness of adjacent case sections,

; Clearances oan be affected by rotor and stetor vibrations. Shaft dynamics motions due to vigid rotor and flexible
; rotor unbalance (see Table IX) have reosivod considerabio aitention and are amensble to analysis (Refs. 39 and 40),
Modern analytical mothods and shaft balancing techniques generally insure a trouble free design from a rigid rotor
oritical speed standpoint, Large engines generally operate above the rigid rotor critioal and below the flexible rotor
mode, and typioal radisl displacements st operating spoed dua to rotor unbalance a1 reported to be in the range of
0.010 om (0,004 in.) in laxrge enginos, Thus in & well dosigned systom, radial displacement due to oritionl speed is
usually not & major factor in sealing olearanoces. Some small engines run sbove a flexible rotor mode, and recent
advanoes in muitiplane balancing techniques (Ref. 41) promiss smail operational displacoments. However, there
remain questions on response of flexible rotor under adverse oonditions such as surge/stall or blsde out oporstion,

There is conoern that nonaynchronous whiri (see Table II) could be the source of clearance changes, espeoially
in high-pressure systems, Figure 40 illustrates the yeners! principle for a labyrinth seal, The pressurs field
within the labyrinth seal will, in general, not be symmetric about & plane (ksotion A~A in Fig. 40) passing through
the direction of eccentriotty becauss of preswirl and the nununifoxm clearances, (A compliosting factor in Lakyrinth
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seal is axial clearance variation dueo to convergonce, divergence, or axial misalignment.) Since the prossure field
is not symmetric about section A-A (¥Fig. 40), a force component will exigt which is transverse to the eccentricity
direction, which will tend to produce a self-excited whirl.

A similar prinoiple applies to the case of blade whiil forces; because of nonuniform clearances and associgted
lenkages, blade loading is not uniforn (lower loading where the tip gap is larger) and the net result is an serodynamic
force transverse to the eccentriocity direction,

An udditional potential source of vibration is rubbing friction induced whirl. This is a complex case/rotor inter-
action which has not been well investigated.

The nacessary use of thin sections and light-weight construction has introduced potential vibratory motions of the
labyrinth seal structure, especially in Inrger sizes. Although fatigue oracking of the labyrinth structure is usually
the final result, clearsnce changes with associated wear can also be produced, Instabilitios ure reported to have oo-
ourred when the wave speed of vibration of the rotating labyrinth component was in resonance with the flexural wave
spoed of the stator shroud. To preclude failure due to resonsnce with a flexural mode in the stator, Ref. 9 recom-
mends sterors that have a minimum angular velocity for all flexural modes st least 25% higher than the rotor speed
at 100% operation. This may require experimental verification of the predicted frequencies since some stator struc-
tures are quite complex.

In addition Ref, 9 makan the intaxresting observation thlt labyrinth stetor and rotor components do nct have fa-
tigue failures when supported on the discharge end, (See Fig, 41.)

Clearance management in the various seals presents a difficult engineering problem, which involves the entire
rotor/ocane assembly, airframe integration, and operational flight loads, In modern engines knowledge of the oper-
ating clearances is inferred from rub wear patterns and engine operating history, Direct olearance measurement
conies from various types of probes (capacitance, mochanical touch, laser) and from high energy X-radiography,
which is capable of measuring sealing clearances within an accuracy of 40,07 mm (40,003 in,) (Ref, 42), In this re-
gard Ref, 42 claimu both cteady-state and transient clearance oan be measured and useful data obtained on

(1) Axial and radial clearanoes of labyrinth seals
(2) Radiul blude tip clearances

(3) Rotor/stator axial clearances

(4) Component deflections,

Reference 43 desoribes a uniquo laser optical probe, which is capable of messuring blade tip clearances in
ocompressors and turbines. (For turbine applications a small cooling flow of nitrogen gus is used to keep probe in-
ternal parts cvol,) The prinoipal of operation is based on reflected light triangulstion as indicated in Fig., 42 from
Ref. 43, Light from a point source is reflected from oach blade tip an it passes by the probe, snd the clearance
reading is an average of all the blades (current research looks ai individual blude clesrances). A ohange in clear-
ance causes s shift of the reflected light such that it falls on « different section of the cutput fiber optio bundle. A«
curncies of &0, 026 mm (0.001 in.) are olaimed, and a probe temporature envivonment of 1311 K (1000° F) oan be

tolersted. A significant festure is that the high response of the systom (0.041.0'8 soc) perm'ts transient olearance
measuremaents.

6. GA” PATH BEALING MATERIALS

If gas path sealing clearsnces are going to be reduced to a practical minimum, some rubbing contact must be
toleratod in order to compenssts for sooentriciiies, machining tolerances, out-of-roundness, vibrations, eto,
Ideally these rubbing contacts may be classified into the followiug two types:

(1) Low ensrgy rub - Luw-ensxgy ruba obtained several ways, One is through the use of abradable materials,
which are designed to wear instead of producing wenr in the blade or labyrirth tooth (Uhese approacher sre dig-
oussed later).

() Abrasive » Drum rotors. gererally have bonded sbrasive costings which protect the rotor from wear aad
promoto wane tip wear in oase of interference. These costings, which ure ususlly hard oxidews, also mitigate ther-
mally inducad expansions of the rotor, which would sggravate the rub sad, thorefore, induoce thermal feedback which
ocould end in a ostastrophic failuve,

A major factor that conirols rub msterial selection {x the pperating temperature. In the colder seotions (fan
and low pressure turbine) sprayed and molded polymex aystems are sultable, But in the high-pressure compressox,
the highex temperatures require metal systems such ae spraysd nicksl/graphite. The high-pressure turbine
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requires very high temperature oxidation resistant materials which, in genersl, are not abradable and do not provide
low enexgy rubs. Finally, the low-pressure turbine can use some of the materials suitable for the high pressure
compressor but honeycomb shrouds are the most popular,

Rub material for over fan blade tip should be sbradable or have a low-energy rub property to prevent blade wear,
In uddition, the fan rub material is usually configured to enhance serodynamic stability (improve fan stall murgin)
and acoustical damping. One cornmon shroud material used is aluminum honeyoomb, which is readily deformed by
fan bladoe penetration, However, wear to blade tips can be & problem; further, the honeyoomb material, which is &
rough surface from an serodynamic standpoint, has an associated efficiency penalty as compared with smooth rub
material, Reference 44 reporis a 2.6 percentage point loas for honeycomb rub material as compared to a fan with &
amooth shroud. The stall margin, however, improved 12% (see Fig. 43).

Other types of fan shroud rub material are elastomer and polymer base compoasites, which sometimes oontain
fillers of hollow glass spheres to improve abradability. These rub shrowds usually contain groovas or slots, which
improve the stall margin by stabilizing the fan flow near the tip, Conaiderable data have been published (see Refs,
45 to 47) on the effectivenass of various geometric patterns in the fan shroud, A potential problem with use of some
polymerio type materials in the low-pressure compression system is the considerable amount of rub material dust
oreated during a very hard rub under an adverse operating oondition, This dust has, on ocoasion, exploded in the
high-pressure compressor.

In the high-pressure compressor higher tempersture shroud materials (metal, graphits, etc,) are requirved be-
caune the discharge temporatures are near 922 K (1200" F) in some modern engines, and will be even highex in ad-
vanced engines, Currently usod rub materials over blade tips (outer alr sealing) are designed to mitigate blade wear
by serving as low-energy rub or sacrificial material. Three different types of low-energy rub materials are used
(Fig. 44). The sintersd metal aystem (dennity 30 to 40%) of Fig. 44(a) is representuative of an abradsble type mate-
rial, since blade (or labyrinth tooth) penetration breaks off sintered particles. The material effectiveness is often
measured by the ratio of material wear to blade wear; a ratio of 10:1 being considered a satisfactory abradability
property, Abradability can be readily achieved by lowering density, but this increases the susceptibility to erosion,
Thus, a basic difficulty is obtaining acceptable abradability yot muintaining adequato erosion resisténce.

The sintered metal fibers dopicted in Fig, 44(b) sre plastically deformable rather than abradable and are usually
about 20% denso. Blade (or labyrinth tooth) penetration may densify the material (as indicated schematically) and
this increases the rub intenaity.

A third type used in outer air sealing is the low~shear-strength 100% dense material (Fig. 44(c)); sprayed
aluminum is an example, Blade penetration readily machines away the easily sheared material without exceasive
wear to the bludea, Howevor, the machining debris tends to stick on downstroam airfolls and cause aerodynamic
losses,

Studies of Ref, 48 indicate a tendency for blade wear when the penetration rate is low (typical blade penetration
rates range between 0.00025 to 0.028 om/sec (0.0001 to 0.01 in/sec). As yet, a fully satisfactory material has
not been developed for outer gas path sealing. Blade vear, erosion or serodynamic loss remain consistent
problems. None have all the desirable properties, which are:

(1) No blade wear

. a general problem
(2) Low energy rub

(3) Innocuous debris (x problem in sprayed aluminum and some polymers)
(4) Erosion resistance

s

(5) Impermeability a problem in porous materials
(6) Smooth surtace
(7) Easy repair (a problem in brazed assemblies)

Labyrinth shrouds for compressox inner gas path sealing are depicted in Fig, 45; all are designed to produce
a low snexgy rub an pompared with & 100% dense metal shroud, In the high spsed rubs, which take place betwesn
the shrouds und rotor, the rub mechanisms and associated wear are not well charsotarized for currently used
muaterial couples. Theorstical studies (Raf. 48) on rotor/shroud intersction predict the formation of *tharmal
bumps'! or hot spots whioch apparently govern the wesr prooess. These hot spots are the result of thermal-elastio
surface instabilities protuced by contact, For example, experimental data show that when a labyrinth knife sdge
rubs against & shroud segment, the rubbing oan take place over just s mnall segment (~5° arc) of the 360° of tooth
adge (wev Fig, 48). Thus, the hest inpui is highly localized, and a local thermal bump is genersted whith expands,
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rubs haxder, and finally wears away. This i8 then followed by rubbing over & second small segment which grows and
thon wears, etoc. Evidence of lqoalized rubbing is indicated by the heat discoluration of the tooth edge. This type of
local rub interaction has been investigated from a fundamentul standpoint, and a considerable body of data exist, for
example, mee Refs. 60 and 51,

Thexrmal elastic instabilities apparently ocour on the blade tips as well as on the casing rub matexial. The most
adverse opersting environment from a sealing viewpoint is in the high-pressure turbine, Here the gas temperatures
in some modern engines are in the range of 1700 K (2600° F). In addition to the losses due to blade tip clearances,
which were previously pointed out, there is a considerable efficiency penalty associated with ocooling of the turbine
case rub shroud material (outer air veal), i(n small engines this rub shroud {s a single ring; in large engines it is
oconstructed of segments. Typically each segment is impingement cooled and is held in place by a cooler quter case
structure. Figure 7(a) shows, in crosn-section, a typical segment and associated attachment structure.

Turbine rub shroud materials used are generally not abradable and turbine blade tip wear is a general problem.
Transfer of the blade material to the rub shroud surface can procipitate a bulldup of material which causes blade
wear, This mochanism is not fully understood,

Commonly used rub materials are a oast high-temperature cobalt base alloy, and sintered NiAl and NICrAlY -
powders (Ref, 1), For long-term opersation these materials must be ovoled, by impingement and film cooling tech-
nigues, to temperstures in the range of 1311 K (1900° F). Nevertheless, thermal stress oracking, losa of dimen-
sional stability, and erosion remain current problems. The cooling requirement in terms of engine airflow can be
#s high as 1% to 2%, depending on the turbine-inat temperature, This high cooling penalty is one reason why
ceramic rub matarials, which require less cooling, are being developed,

The use of veramic material allows higher rub shroud surface temperatures, Furtler, ceramics require less
cooling air, 'The potential cooling airflow reduction is indioated in Fig. 47, which shows for a 1811 K (2800° )
turbine-inlet temperature and & surface temperature of 1700 K (2600° F), that the cooling air requirement is signifi-
oantly less than when the surface temperature must be held to 1366 K (2000° F); Fig. 47 indicates a reduction from
2:1% to 0.3% of engine flow (Ref, 52),

An advanced ceramio/metal shroud being developed (Ref. 53) is shown in Fig, 48. It is produced by thexrmal
spraying coramic/metal layers on & metal substraie of a heut resistant metal alloy. The first step in the process is
to spray & 0.127-mm (0, 006-in,) coating of NICrAlY on the metal substrate. Thia is followed by a Iayer composed
of 60% CoCrAlY and 40% yttria stabilired rirconie (ZrO,), Next come successive layers of 30% CoCrAlY/10% ZrOy,
snd 15% CoCrAlY/86% Zx0,. Finally, the last layer, the one exposed directly to the turbine gas, 1s 100% Zr0,,

This graded layer system provides u gradual change in thermal expansion ocoefficient and mitigates the large
thermal expansion difference betweon the metal substrate and the ceramic layer next to the hot gas strean. Experi-
menta) studies (Ref. 53) show that graded layer ceramic material has adequate exosion resistance at 1888 K (2400° F)
surface temporature. Enoouraging thermal fatigue improvement is also reported but this remains the major problem,
In this regard, an analytionl study of the thermal stresses during engine acoeleration (takeoff) by Ref. 64 indicates
that the ceramic layer is probably subjected to excessive tenaile stresses under this transient opersting condition,

7. CONCLUDING REMARKS

Modorn gas turbines contain & multiplicity of sealing locations; a large engine may have over 50 major dynamic
senling locations; in additlon, sesling is necessary at vane pivots, flanges, duct joints, und blade roots, As pointed
out in the discussion, sealing can have a marked effect on engine effiolency, performance retention, thrust, onni-
pressor pressure ratio, and compressor stull margin, Much of the performance retention problem in modern
engines is caused by incresses in sealing clearsnces, with blade tip wear in the compressor and turbine being =
major contributor, Improved sealing significantly increase air superiority mission radius and maximum dash dis-
tance. Also maximum thrust oan be improved significantly, The performmnice deterioration trends suggest a sealing
problem that will worssn &s engine designs advance to even higher pressures and tempersatures, Small engines re-
main & partioularly challenging problem because leakege is inherently moxe detrimental to offioiency.

There are three genexal approsches to increasing sealing effectiveneas, these are:

(1) Improved clearance control (reducing clearances and minimiging the amount of rubbing)

(2) Improved "abradable' materials

(3) Increased flow energy dissipation in labyrinth seuls.

Of the three approaches, clearsnoe control holds the most poteritial for improvement. To achieve clearance
oontrol improvements, we must know more about the relative displacement of the oase and rotor, partioularly under
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transient conditions, in modern engines. In advanced enginos more attention must be given to engine stiffness, case
roundngas, osse bending and to case/rotor dynamics of the total assembly. In this regard, more data are needed on
various external and internal aerodynamlc loads such as compressor surges. Accurate prediction of case/rotor dis-
placements will require a largs computational caprbility to treat the total assembly. Also, new approsches and oon-
cepts, such as active clearance control (by case cooling), will e needed to mitigate effects of oase/rotor differential
expansion, Improved "abradable" materials will provide some acoommodation for eccentricity and out-of-roundness,
but the clearance problem will probably not be solved solely with tmprovements in rub materials, In fact, the Ln-
proved cleurance control approach can be used to minimize rubbing and this, then, veduces the rub muterial prohlem,

The literature contains much data about blade clearsnce effects in compressors and turbines, Although there are
variances between the published data, there is agreement that clearance changes cause & marked change in compressor
and turbine efficiency. In particular, ss fan and compressor clearances approach zero, the reported data indloate
a very significant improvement in component efficiency. On the other hand, operation at very close clearances
introduces a potentiul for high detorioration rates, Thus the solution requires maintaining close clearances for the
time betweon normal overhauls. In the turbines the data show the cloarance loss increasing with reaction rate; this
trend suggests that advanced highly loaded turbines will have even grestor losses than indicated in the current data,
Thus advanced turbines will need to run with close clearances to avoid high lorses.

Mathematical models for prediction of leakage over compressor und turbine blade tips are semiempirical expres-
sions derived from casoade data; rotation effects are not included, There is & need for lmproved capebility to predic
clearance effects and for clearer insight regarding the significance of the many parametor which apparently affect tip
leskage.

The ability of various engine companies to predict labyrinth seal leakage is very good; the methods are semi-
empirical and involve a correlation with a large number of experiments. However, the large number and the impact
of labyrinth seals on engine performance suggest studies should be made to identify unique labyrinth geometries which
would reduce leaksge; the potential gain is significant even if the leakage reduction is nominal, In regard to labyrinth
soil theory, the thermodynamic process is well understood, but anslysis from a fluid dynamio standpolnt may shed
1ight on means to increase the kinetic energy dissipation in the labyrinth cavities.

Experience indicates the need for an improved compressor "abradable' material, The wear debris from this
matarial should not stick on downstream air foils and should not pose a dust explosion problem in the high-pressure
compressor. This "sbradsble’ material also should producu little blade wear, be erosion resistant, and have an
impermesble asrodynamically smooth surface.

Sealing over the tips of the high-pressure-turbine blade is & current problem, which will becoine most critical in
advanced engines. Ceramic rub materials for the case are needed to reduce ovoling requirements and permit higher
operating temperatures, These coramic rub materials must be abradable (hecause close clearances will lead to rubs)
and dimensionally stable to mitigate out-of-roundness and ecoentricity effects.

As with the sealing of the primary-gas flow, seuling of the internal-gas flow is becoming more oritical as
ongine's pressures and temperatures increase. There is & need for improved technology in the internal-flow sys-
tem in regard to purging, heat transfer, and cooling flow control. In addition to improved labyrinth seals in the
internal-flow system, mainshaft sealing with lower leakage and high pressure and speed capability would provide
etfiolency improvement, :
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TABLE I, - TYPICAL DIRECT OPERATING

COSTS (FROM REF, 3)

tem Fuel price
20¢/gal | 35¢/gul | Bo¢/gal

Direct operating ocost, %
Fuel 31.8 .6 83.5
Depreciation 25,5 20.6 11.3
Maintenanoe 19,0 15.4 12,9
Crew 18.2 14.7 12.3
Insuranoe 5.8 4.7 4.0
Change in DOC —— 23.6 47.2

TABLE II, ~ VIBRATIONS AFFECTING CLEARANCES

Type Exofting foroe Comment
1, Rigid shaft whirl Rotor unbalanos Critical speed generally lower
than sngine operating speed
and displacements are
typloally small
2, Flexible shaft Rotor unbalance Multiplane balancing technology
is available - implementation
needed
3, Labyrinth seal whir] forces | Nonaxisymmetric pressure in | Studies are needed
(tip shrouded blades and labyrinth seal which causes
1abyrinth seals with pon- & foroe transverse to sooan-
uniform clearances) tricity dixection
4, Blade whir] foruves Nonaxisymmaotrio blade load- | Studies are nesded
(shrouded and unshrouded ing due to tip leakage
bladee with nonuniform causes a fo ‘o transveres
clearances) to eoccentrioity dirsotion
5. Rub induced whirl Frictional foroe of labyrinth | Muwdies are noeded
teath or of blades rubbing

againet case
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Fig.2 US airline fuel consumption by engine type (from Reforence 2)
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BYPASS RATIO

Fig.8 Effuct of one percentage point incroase in engine bleed on SFC ; .‘i
for various bypass ratios and for two pressure ratios (Ref.10) ‘
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{2) SPECIFIC FUEL CONSUMPTION.
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I 3 ' Fig.9 Calculated effocts of seal leakage in & 2.3 kg per socond
; (5 Tbm per sec) size engine (Ref.11)
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Fig.10 Mainshaft and high pressure turbino labyrinth seat (from Reference 1)
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DISCUSSION

AR.Stetson, US

Dr Ludwig montioned the coramic seal, the one witich has been developed with Pratt & Whitney under the navy
sponsorship,

How has that performed, has it been aotually tested in the engine?

Author's Reply
Datz on the caramic segment for high pressure turbine outer »ir sealing, which was developed by Pratt & Whitney,
is given in Reference 52 of the paper. To my knowledge, the seal has not been developed to the point where it is a
bill-of-material component for an engine. The purpose of the discussion in the paper on the ceramic segment was
to point out curront areas of work and to show the potential gains aisociated with ceramic outer air seals.

D.K.Hennecke, Germany
In one of your lust slides you show a photogruph (not contained in the printed paper) of liner segments which
appear to be perforated in order to facilitate full coverage film cooling or sffusion cooling. Are the liner segments

indeed perforated by such holes and, if 50, don’t thess holes get clogged when the rotor blades rub into the liner
sogments?

Author's Reply
The photograph of the turbine seal linar segments shows a sintered material with a honeycomb supporting structure,

There are no cooling holes. Cooling is achieved by inipingsment juts against the back of the supporting structure
and by film cooling which originates further upstream.

F.Willkop, Germany
In your Figure 34 one can #20 that you have achieved the best efficiency when the blade is running in a pocket of
the casing. Now your picture shows this blude running in a very narrow pocket, but in practice we have an axial
movement between cass and rotor and you need an elongated pocket, We have met contrary results to this,
Could you comment on your experience in the case you have axiul movement of the rotor?

Author's Reply
We would agree that elongation to accommodate axinl movement will act to decrease any benefit, Thus, this

recessed configuration is only useful in those locations whers axiul motion s small. For exumple, turbines in
certain small engines, and in the compressor.

D,A.Camphell, UK
The clearance of certain senly is much affocted by shaft whisl, und the prediction of whirl amplitudes is therefore
Important. It is suggested that these amplitudes are significantly affected by the mechanical danping produced by
features of the normal engine construction and also most particularly by special devices such as squeoze film
bearings. It is therefore very desirable to include these effects in dynamic models of shaft behaviou.

Author's Reply
We ayree with your statement that squeeze film dumnpers ave purticulurly ugeful in mitigating whirl umplitudes, but
in regard to the mechanical damping produced by the normal engine construction featuros, it i known that spline
friotion (Coulomb damping) when operating above the bending critical can bo detrimentul. In general, nonrotating
durtiping features, both viscous end Coulomb, sre beneficial below and above the bonding critical, and rotating
damping fealures are dotrimental above the bonding critical but beneficial below the eriticsl.

AMocre, UK

Figure: 45 shows various types of abradable systems. Can you please comment on the losses associated with using
thase types of abradables, i.e. the los: above that of & solid liner when running at the same clearance,

Author'e Reply
L am familiar with the work being reported un in Paper No.13 on labyrinth seals and can say that yous question is
answered in detail in this paper. But, in general, two effects show up in porous ubradables as compared to a smooth
solid surface. First, the porosity allows a cortain leakage in excess of that when using solid surfaces; this porosity
oftsct being a greater pereentage of the total leakage and, therefore, more pronounced at low clearances. The
second effect is due to surfuce roughness. Porous materinls may have very rough surfaces from an asrodynamic
viewpoint. In labyrinth seals, this ia beneficial stnce surface roughness promotes turbulence and Increases the
dissipation betweon labyrinth teeth. However, whun abradable materials are used over compressor blado tips, the
surface roughness introduces an asrodynamic pendaity.
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¢ B.Wrigley, UK !
g g ‘ Can Dr Ludwig comment on the significance of lining materials on the thermal time constant of the static member i
‘ and is any particular material shown to be advantageous?

’d

Author's Reply !
I have no quantitative data on the significance of the thermal time constant of various lining materials. Since in !
general, the case responds faster to changes in gas stream temperature than the rotor, it is desirable to siow down 4

the case response, Therefore, casing lining materials with low thermal conductivity should be beneticial. This
suggests that from a thermal time constant standpoint, the porous materials would be preferred over, say, sprayed b
aluminum. So the general comment can be made that those lining materials which are made porous (sintered felt
metals etc,) for rub reasons hive an added advantage of low thermal conductivity which tends to slow down the ‘

" stator'’s thermal response to the gas stream temperature, Also, it has occurred to some that an insulation coating l

(such as ZrO,) applied, for example, to the inside of a titanium compressor cases would slow down the thermal
response and in addition would provide rub protection of the titanium case in the event of an extreme rotor
imbalance. However, coating adherence needs to be demonstrated.

D.G.Ainley, UK
1 agree the author’s conclusion that a major problem is to achievo better contro! of clearance. Does the author ’;
have any news whether in relation to current engine design, the major gains to be won will arige from greater |

attention to reducing clastic flexibility of rotor system throughout the operating speeds or from greater attention
| , to closer thermal matching between rotor and stator components? .
! Author's Reply

; In regard to which approach (reduced system flexibility or better thermal match) will provide the most gains, |
think that both hold much potential for improvement, especially In large engines. Of course, in the fan and low
pressure compressor the system flexibility is more importunt than the thermal matching. But in the high com- f
pressor and in the turbine, both thermal matching and system flexibility are critical. i

G.Hslk, UK
1 was interested to hear you talk ubout the situation with seuls where the heat generated in the rub can cause added
expansion and lead on to catastrophic failure,

: 1 wonder if you could go into more detalls about the importunt parameters of that mechanism and In particular I
i am interested to know whether the size of the fin is important because it provides extra surtave from which heat
i is lost by convection rather than conduction is effective. Do you have a prediction method for determining !
whether this happens or do you kiow that one exists?

Author’s Reply
At NASA, we have mude only a few analyses on failure due to the thermal effect of rubbing. In one particular case,
the labyrinth tecth were carried by a rotating spacer (spacer between stagus) and the relative mass of the spacer was
| : 1/3 that of the stator mass. Therefore, the spacer mass heated up faster, and the analysis indicated that a catastrophic
| ' fotlure (loss of strength with increasing temperature) could be initiated by two seconds of hard rubbing.

| We did not consider heat convection as related to the fin size; 1 do not recull anyone suggesting that it is un important
tactor, although it may be very significant.

It is important to note that rubbing can tuke place, on a labyrinth to“o’ih, over a very short arc (see Figu.e 46 of
Paper No.1). This is a complication from a heut transfer calculation standpoint and thoe practical importance of the
formation of the short arc length thermal bump has not been determined.

The factors which determine whether u labyrinth seal, when experiencing a rub, will enter into a catastrophic failure
are (1) rub severity (function of tooth width, rubbing velocity, penetration raie and material properties); (2) heat
conduction into the rotor (functions of tooth width, circumferential extent of the rub, thermal conductivity, thermal
diffusivity, rotor mass ang length of time of rubbing); (3) relative oxpansion of the rotor and (4) wear rutes of votor
and stator,

, i In regard to a prediction method for ussessing various designs for a rub induced catastrophic fallure, 1 am not aware
1 of any published methods.

| P.Suter, Switzerland

1 think that one major problem atea concerning control of clearance between stator and moving bludes is represented
by the non-uniformity of the temparature profils caused by the combustion chamber performarice, eventusily more
important then rotor dynamics or stator/rotor inertia difference effsof.

Author’s Reply
Dr Suter’s comment s correct and 1 agree that the non-uniformity of the temperature profilo caused by the com-
bustor is the major factor In the clearance problem of high temperature turbines. This non-axisynimetric effect is
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aggravated by non-uniform cooling and by nen-axisymmetric structures. The resulting out-of-roundness in large

engines is estimated to be as high as 0.05 to 0.10 ¢cm (based on seal and blade wear data), However, there are other

important clearance factors such as the transient response of the case/rotor which require that the assembled
clearance be large enough to avoid rubbing on engine acceleration or deceleration (see Figure 37 in Paper No.1).
Thus cruise clearance is set by transient rub considerations and not by the steady state thermal condition at cruise.
To decrease this large cruise clearznce, some large engines have active clearance control which shrinks the turbine
case by use of cooling air once the aircraft is in a cruiss condition.

I agree that thermal out-of-roundness is probably a larger factor than transient thormal response; but both are
significant and each requires a different solution, Thermal out-of-roundness reduction means more attention must
be given to'axisymmetric structures and to temperuture distribution; also abradable materials would help to solve
this problem.

)

AM.Campling, UK

Regarding the multiluyer metallic/ceramic abradable seal elemsnt under development.

Was the coating designed to be abradable or abrasive? If abradable, what degres of erosion was experienced?

If abrasive, what degree of wear was experienced? Has any difficulty been found in controlling the hardness of the
final ceramic deposit?

Author's Reply

The ceramic coating is designed to be abradable. Tests have shown that the ceramic coating has a higher erosion
resistanico than currently used metal systems. Basically, this improved erosion resistance is due to the fact that
ceramics genorally have good erosion resistance when the particle impingement angle is smell; and in an engine the

impingement angle is about 20°. Also, tests have shown that the blade wear is less than that for metal systems when

“the incursion rate is about 0,0025 cm/sec. In regard to th. hardness of the final ceramic deposit, this depends on
contro! of many parameters in the spray process and these controls need to be improved.
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SUMMARY

The ..pcovemente in engine perxformance, to be gained by maintaining close
clearances in varxious rotating seals within a gas turbine, are kssential to its
economic operation. In many cases, therefore, thismakes the use of coatings in
thaese seals mandatory.

Abrasive coatinugs are used in some applications and in general arc satisfauctory.
Howevex abradable coatinge are most widely used, and these are found in many seals
throughout a gas turbine engin¢ from the fan to tha turbine. Theme coatingc therefore
have to cope with a temperature range from a little above ambient to 1 250°K. Test
mathods exlst for laberatory and rig evaluation of coatings, and these are discussed,
but improved methods for evaluation of erosion and abradability are required.

To ovarcome shortcomings in current abradable coating materials, many are at
presunt Lteing tailored specially to meet the conditions in particular seals within
an engine. ‘Thir means that there are saeveral different coatings, within any given
engine, each having a limited range of use.

New coatings are still requirxed which can be uged in a wide range of applications
throughout an engine. There is, in paxticular, an urgent need for abradsble mataxisls
which can be used in turbine seals covering a iemperature range from 870 K to 1 250°K.

1.0 INTRODUCTION

The maintenance of close clearances at the various rotating seals 's essential to
the @economic operation of a gas turbine. It is now common practice to apply coatings
to one or botli sealing surfaces to permit thum to coma intc rubbing contact without
incurxing significant damage and with the minimum of wesr. The seals can then operate
safely with a minimum theorxetical clearance of zero., The designers can therefore
spacify closéx oparating clearances than would otherwise be possible.

In the compressc:, blade tip clearances affect both the efficiency and tha
handling of the engine. Excessive clearance at maximum r.p.m. results in a power loss
and an increased spacific fuel consumption (s.f.c.). Excessive clearance during
acceleratior can reduce the surge margin and limit the permissible amount of
overfuelling thus reducing the acceleration rate,

Turbine tip clearances also have a significant effect on s.f.c. On soma small
modern high pressure turbines an increase in the clearance over the blade shrouds of
y127 mm (0,005 in.) may zesult in an increase in s.f.c. of 0,5%,

The higher rim speeds and higher top cycle temperature needed for increaged
power-to-weight ratios have led to the adoption of unshrouded H,P. turbine rotor blades.
This has lent new importance to turbine blade tip clearance, and highlighted the need
for coatings over the blade tips,

Clearance in the main airstream labyrinth seals is equaliy important particularly
wilexe high Ereusure air is involved. On a typical medium size high pressure ratio
engine for instance, on dincrease in the radial clearance of the compressoxr delivery
saal of only ,076 mm (0,003 in.) can mesn an increase of 1% in specific fuel consumption.

From the foregoing, it can be seen that the subject of coatings for gas path seals
is taken seriously by gas turbine engine manufacturers. Despite this however there is
still a long way to go before completely satisfac.oxy coatings are found. Many coatings
are currently used in nexvice but most, if pot all, nave shortcemings e.g. poor erorieon
resistance, tou little abradablliy, difficult to apply or reps!r, too expensive, etc.

It becomser obvious that the requirements for suitable abradable coatings are very
stringent snd difficult to meet and it is hoped that this paper will serve to explain
these requirements,and mome of tha difficulties,involved in the hope that better coatings
will become availabie In th2 future,
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2.0 APPLICATION OF COATINGS IN ENGINES

TR Ll den,

There are two basic seals in which coatings are used in gas turbine engines i.e.
blade path seala and finned labyrinth seal bores. A general philosophy has in the past,
! certainly in Rolls-Royce Bristol engines, dictated the type of coating chosen for the
' various locations within the engine. This was determined by the need to maintain the
; balance of the rotating assemblies, and thus avoid unnecessary increases in clearances

cavsed by orbitting sssociated with rotor unbalance. In effect, this meant that soft
abradable coatings were applied to static parts, or alternatively abrasive coatings
‘ were applied to rotating paxts; in either case the result was wear of the static part.
' In general, this means abrasive coatings applied to compressor spacer rings and
Y : abradable coatings elsewhere. This philosophy is still generally adopted, except whexe
' the coating is required to perform other duties which conflict with the rubbing
requirements.

)
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Temperature is an important parameter to consider when dealing with sceal coatings.
These coatings are applied throughout the engine from front to rear and therefore cover
i A large temperaturc ranga. The temperatures within a gas turbine can generally be
: split up as followsi-

2600K  to 4007K !
33001( to SBOOK i
200°k to B40°K

Up to 1 250K

! Fans and L.P. Compxessoxs
| | Front end H.P.Coapressors
1 ' Rear end H,P.Compressors

ﬂi . H.P, Turbine Tip Seals
|

o ..o

Thae complete range of temparatures is therefore from about 280°K to 1 250°K.
Although the ideal, which may one day be achiaved, would ba to have one common coating
applied throughout the engine, curxently a rang~ of materials is used starting with
rubbers and apoxy resins at the low temperature end, and working thxough to filled
honeycomb at the high temperature end.

are applied.

{

}

} i Fig.,1 is a section through a typical fan engine showing some ureas where coatings

i 3.0 BASIC REQUIREMENTS OF (C.TINGS
|

3.1 Abrasive Coatings

! Abrasivo coatings should idenlly machine away the opposing member cleanly, without
' smearing, and with the minimur of heat genexaticn.

Aluninium oxide coatine-, are used widely on comnresgor niacet rings to prevent
damage to the spacer ring, which may be a structural member, in thw event of & rub
occurring on stator blade tips. Althougl. soft coatings are noimally used over rotor
blade tips, where thore is a possihbility of a titanium fire, Zirconia has been spplied
to the casing bore with the dual function of ,voviding a protactive surface to machine
away the xoior blade tips cleanly and an effective barrier against penetration of the
; casing by burning titanium, shou”i a saveve wirchanical iailure occur, Aluminium oxide
b, o : is aiso msed to minimise *he we. : on labyrinth seal fins used in conjuncticn with

B | . soft coatings.

rience with t%:ese abr.iive coatings has baen very good Curing s vast number of
| : in-service eng'na hours. It is inte.uded therefore to confine the xemainder of this
“‘i : paper to abrac.ble pat.rials only,

3.2 Abradable Coatings

Aroadable coatings are used in casing bores over the blade tips, and in labyrinth
seal boxes.

' Ideally, an abradable coating is one which can i freely machined away without

‘ causing wa . or significant heating of the mating part, and yet is hard enough to

] r.sist erosion. These ara contralictory requirements and much of tha work on soft
coatings has bteen aime. at getting the best compromise. A really successful coipromise

i has not yet beon succes:fully achieved.

it Pl o e it ns

! The labyrinth seal application is probably the most difficult to mest. When the
) thin fins on the labyrinth runnex cut into the costing, the heat ganarated by friction
! on thie thin nurfsces rapidly heiats the small volume of metal in the fins. This wmay

' cause softening and rapid wear of the tips. One paliative is to spray coat the fine
with aluminium oxide. This gives & rougher surface which cuts morc efficiently and
gensrates less frictional haat. Evan $0; unlaesns the abradable material is very easily
; machined, fin wear will occur.

Severe urosion of the soft coating is another feuture of labyrinth seal applications.
Obviously, a certain amount of erosion is caused by air-boxne dust passing through
r the seal but the major cause is thought to be the debris generated by a seal rub,
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When intexference occuxs betwaen the finmed rotox and the soft coat’:ig, the daebris
genorated by the rub is effectively trapped between adjacent fins, see Fig.2. This
trapped debris is then carried avound at high speed and erodas morxe coating,
generating moxe delbris. The process continues until the fins retract due to a change
in operating clearance or until there is sufficient clearance over thae fin tips for
the debxis to escape.

The main problem in finding suitable abradable coatings is in satisfactorily
equating the two conflicting requirements of exosiusn resistance and case of abrasion.

Exparience has shown that coatings which are relatively soft but have good
cohesive strength, such as some filled resins or rubbers, can go a long way towards
meeting these requirements. Unfortunately, thes2 materials are only suitable fou
the lowexr temperaturas. It is unlikely that such proparties can be found in materials
sultable for higher temperatures, i.e. above 600°K. For these materials, it is most
probable that the solution lies in a porous or composite material having sufficient
hardness to resist eroaion but the required amount of cohesion to again resist erosion
but allow good abradability.

4.0 TYPES OF COATING

The conflicting requirements of easy machinabllity and good erosion resistance
have led to a number of different approaches to the abradable lining problem. These¢
fall basically into five groups:

(i) PFilled resin mixtures, whare the siller is included to ¢give good machinability
to & reasonably tough reain.

(ii) Micro-balloon filled coatings, Thaese consint of a mass of minute hollow thin
walled spheres held together by a tough organic bindex,

(iii)Flame sprayed coatings, both combustion and plasma, which rely mainly on their
friable structure for machinability.

(iv) Sintered metal fibres.
(v) Thin walled honeycomb filled or unfilled.

The oxganic abradables used in Rolls-Royce enginas include graphite-epoxy
compositions, glass microsphaxe-epoxy compositions, and talc-epoxy compositions.
Some of these muterials have been, and are, proprietary materials and some have been
and are being developed 'in-house! by Rolls-Royce. Thense materiais vary in temperature

capability up to afproximataly 500°K and axe, therefore, only suitable for use in fan
and corpiessor casings.

Early graphite-epoxy coatings were applied by a paint ¢pray technique, using
thinnexs. Many thin coats had to be applied, and although the coating was quite
successful in engine use the length of time to apply it, and hence the relatively high
esst, initiated the research for more suitable coatings. Trowaellabls room temperature
and heat curing graphite filled epoxy compoai&ionn have been daveloped which have
maximum sexvice temperatures of 470K and 500°K rengoctivoly. In some cases, surfacing
of the uncdured material, using a template, has eliminated the need for a post~-cure
nachining opaeration.

A talc-epoxy coating has also been daveloped which is a one pack putty-like
mataxial stored in refrigerated containers., When required for use the material is
Allowed to reach room temperature after which it is formed into stxips of asuitable

dimensions and pressed ox golled onto a muitably primed surface. This coating is
sultable for use up to 470°K.

Micro balloon filled coatings used have included a proprietary room tamparature
curing mnterial, 3 M's EC.3524, This coating is used for filling voids and consiste
of hollow glass microspheres in a two-pack npoxy resin which is applied by trowelling.
Surplus material is machined off after the fgglar has cured. Unfgrtunntdly, thig
material has limited use as it is only suitsble for use up to 370°K.

Coatings conmisting of silica micro balloon filled ‘rubbers' are also being used
and developed.

The flame spraved coatings used are all proprietary materials, but a cunsiderable
amount of 'in-house' development work is done, to optimise the material for a paxticular
Ap¥lication. by variation of the spraying parameters., Some of the materials currently
baing vsed and daveloped are nickel/graphite produced by Sherritt Gordon, 5% ailicon/
aluminium + graphite, boron nitride/aluminium bronze, boron aitride/nickel chrome +

aluminium, nickel/aluminium, nickel/chrome/aluminium, 6% silicon/aluminium + polyester
resin, all produced by Maetoo.

Sintered metal fibres are being used for come applications and these include
Feltmetal produced by the Brunswick Corporation and O.H.P. Felt produced by Heurchrome.
These materials ave available in strips and have to be bonded or brazed onto the vomponent
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requiring the abradable lining. The !'Feltmetal' is available in a number of materials

including Hastelloy X, Haynes 25, Hoynaes 188, Driver Harxis 242 and these are in fibre
form typically 6-15 microns/dia.

The Heurchrome material is available in several materials including nickal/chrome
and nickel/chrome/aluminium, having typical fibre diametexs of 7-20 microns. Again
this material has to ba bonded ox brazed onto the component.

Honeycomb materials have bean and are being used in a variety of cell sizes and
materials, Thaese are confined mainly to use in turbines wherd high temperature
performance is required, although some filled aluminium honeycomb has been used in a fan.
In the hotter arcas the honaycomb is completely or partly filled with nickel/aluminium.

5.0 METHODS OF DEVELOPING AND EVALUATING CQOATINGS
(a) Lahoratory Davalopment of Coatings

Be: x@ any new abradable coatings are submitted for rig or engine evaluation,
certain _aboratory tests are required which can be used to assess their likely
performance, ‘These should ba ralatively simple and quick to do to allow formulations,
spYay parameters, etc to be optimised.

The use of plasma or flame sprayed abradable coatings is not as straightforward as
may originally have been thought. For example, two coatings which have had extensive
use and davelopnent are 75%/25% and 85%/15% nickel graphite. The 'powder' used for
spraying consists of very small particles of graphite with a thin nickel shell, and each
particle consiste of approximately 73%/25% Ni./C or 858/15% Ni./C. See Fig.3A. However,
whon the material is sprayed the coating consists of A splattered nickel matrix partly
filled with graphite and partly porous. 7%The parameters used for spraying the material,
and indeed the type of ppray gun, can vary the proportions of nickel and graphite and the
porosity of the applied coating. This can have a marked effaect on the abradability and

the erosion rxesistance of theme coatings. A saection through a typical applied coating
is shown in Fig.3(B) at a magnification of 300 times,

The same principle applies to most nther flame sprayed coatinq-’ whether they are
composites or not, and therefore a considexable amount of development work has to be
done to determine the best spraying parameters for any coating. In the case of non
composite materials, the spray parameters vary the poxosity of the coatings.

With organic coatings vaciations in theirxr properties can ba achieved by varying the
types and mixtures of resins and rillexs,

A simple piece of apparatus to evaluate the relative abradability of a coating
has been developed by Rolls~Royce Limited. It is shown in Fig.4 and consists basically
of a swinging pendulum on which are mounted two cutters facing inwards. The coating is
applied to two specimens and these are mounted back-to-back at the bottom of the pendulum
swing, The cutter on each sjide is set to give 0,127 mm (0,005 in.,) depth of cut and the
pendulum is releasad from 30°, Thae angle of upswing is measured and from this is
calculated the energy absorbed by cutting the coating. The cutter is 1,8 mm ( ,030 in.)
wide and the energy stored is 43,44 Joules ( 32 ft.lb,). Coatings tested usually rfall
in the range of 1,4-8,1 Joules (l-6 ft.lbs.) energy lows. Results are asseased on a
cowparative basis relative to a ccating which is known from engine running to have
acceptable abradability characteristics. Using this spparatus allows the relative
abradability of a coating to be assessed quickly in the laboratory in which the

spraying is being done, thus halping to make the optimisation of spray parameters or
formulation a more rapid process.

An equally simple piece of apparatus is used in the laboratoxy to initislly aswess
the relative erosion rxesistance of new and development coatings prepared in the
laboratoxy, It is shown in Fig.5 and consists of a 6,5 mm 04,026 in,) dia. sapphire
nozele placed 22 mm from the test specimsen ai =i angls of toy it, Alx, at 552 Kpa
(80 p.s.l.), is used to blast the test speciman with 50 micxon alumina grit. The test
spacimen ia prxepared by spraying a coating 2,54 sm (0,1 in.) thick onto a 50 x 50 mm x
16 SWG (2 in. x 2 in., x 16 SWG) mild stael plate. This is then placed in the erosion
test apparatus and run for ¥ min, or 1 min. The test spacimen is turned round after
cach test, to allow a total of foux tests to be done on each one. The average volune
of matarial removed is determined for the four tests and this is used to mske relative
assepsments of erxosion resistance of candidate abradable coatings.

* A composite flame material ia defined as one which has a physical mixture of one

or more constituents in the powder form. The resulting applied coating then

bscomes a matrix of ohe material surrounding the othexs in theixr original or
slightly modified form,
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(b) Test Rig and Engine Bvaluation of Coatings

Having obtained likely materials from the laboratorxy, or in some cases direct from
outside suppliers, it is necessary to determine theix suitabllity as an abradable
coating in an engine. This can either be done by rig tests followed by final engine
evaluation, ox by engine teats alone.

Devising a satisractory relativeiy simple rig test, for evaluating the abradability
of coatings for engine use, is difficult. It is similar in many ways to the problems
associated with evaluating the friction and wear characteristics of materials for use
in unlubricated journal bearings, sliding joints, etc. Results of any sort of laboratory
or rig test cannot be applied universally, as each particular application has differences
which alter the performance, e.g. level of environmental contamination around the
companent, the type and speed of movement which affects the type and level of debris
generation, the geometxy of the component and/or the airflow around it, as these affect
the way in which debris can escape. Any, or all, of these conditions can vary the orxder
of ranking of & number of materials, which has been established by rig or even engine
evaluation of a number of materials.

To partly illustrate some of these points, a srexies of rig tests were conducted,
by Rolls-Royce Limited, on a range of flame sprayed abradable coatings. A 254 mm
( 10 in.) dis. wheel was used having slots machined around its circumference to simulate
blade tips, which rubbed on quadrants sprayed with the test coating. From these tests,
a range of coatings were ranked in oxrder of performance, The bast three coatings were
then tested on & more complicated rig which utilised a stage of an engine compressor,
i.e. disc, blades and casing, The coatings were applied to the casing, and this was
lowexed onto the blades which were rotating at a tip speed of approximately 305 m/s
(1 000 ft/sec.). Results gave a reversal of ranking compared with those obtainsd on
the small rig. It ig thought that this was due to the coating, which appeared tuv be
more abradable in the full size rig, producing & greater riate of debris generation in
the small rig. This debris was unable to clwir the rubbing zone quickly enough, thus
causing smearing and local temperature rises resulting in 'blade tip' overheating and
coating smearing. A new small scale rotating rubbing rig is at present being evaluated
at Rolls-Royce which, it ig hoped, will make satisfactory rankings of coatings for rotor
patn and finned labyrinth seal applications.

The above comments apply to coatings in the low and medium temperature ranges.
Coatings for turbine use, are subjected to temperatuxes up to 1 250 K and this makes it
even more difficult to produce a satisfactory rig. So far, Rolls~Royce have found it
more realistic and expedient to test turbine coatings in the engine. £ven so, this
type oif engine evaluation is relatively slow and time-consuming.

Evaluation of the erosion resistance of coatings is also a difficult problaem.
For instance, the erosion found in jome rotor path seals could not be explained by
basically circumferential flow as this would almost certainly not have resulted in
erosion. It could, therefore, be due to some soxrt of 'over the tip' vortex flow, but
the aerodynamisists are unable to define the type of flow over the abradable lining.

So far most cold tusts have been done, using a fixed set of relatively arbitrary
conditions, which have produced results of a limited value. An investigation is still
required to determine the mechanism of erocion, ovexr the blade tips and around seal

fing, and so establish a more realistic ercsion test method for rotor path and labyrxinth
seal abxadable linings.

It has been establishad that, in general, soft materials with reasonably high
leveis of cohesion axe very exosion-reslstunt, These prxoperties vary with temperature
and it is therefors necsssary to do erosion tests, at a range of temperati.res, in oxder
to establish the exosion resistance of a coating for any particular operatgng condision.
Some initial erosion tests have been done at lemperatures ranging from 290K to 5 K
and these include tests on specimens that have been aged at temperatures up to S50°K
for up to 1,000 hours. Ragults have shown that the erosion rgsistance of some test
sanples dropped, by a factor of up to six, after aging at 550K for 1,000 houxs. Thia
illustrates the change in abradable coating erosion resistance which can occur with time
at temperature. It is very important therefore to detexmine the erosion resistance and
abradability of materials which have bean aged in this way. However further
investigations, at a range of temperatures, need to be incorporated in the investigation
into erosion paxameters mentioned above.

The current state of the art lacks the ability to confidently evaluate, by rig or
bench engine testing, the suitability of an abradable coating forxr engines in sexvicae,
and care must be taken to ensuxe that potentially good materials are not diacarded by
unrealistic rig tests. Work is proceeding to develop satisfactory evaluation methods

foxr abradable coatings, but the necessarxy correlation with engine experience is a
relatively time-consuming process.
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i (c) Methods of fuality Contxol ‘

As previously explained, the properties of many of the flame sprayed coatings can
vary when applied to components. It is necessary therefore to evaluate the coating as
applied to each engine component. The swinging pendulum abradability rxig was considered
for this but it couldn't be done on the actual components and it was not possible to
spray the abradability test~piece with the component. Spraying a test-piece immediately
! after the component is not acceptablae.

L

There was found to be an acceptable corxelation between hardness of the coating
and abradability. Initially, a 'Shore! Durometer hardness tester was tried, as this is
a very portable unit and can be uzed on almost any engine component. Unfortunately
the coatings being measured were towards the top end of the 'Shore' scale, which was
too insensitive.

e ke e A AT

A Rockwell superficial hardness tester, using a 12,7 mm (0,5 in.) dia. ball and a
15 Kg load, gives acceptable readings on the Rockwell 15Y scale and values on this have
been established. Larger engine components will fit around the tester such that hardness
valuaes of the coating actually on the component can be taken. For comporients which
can't be done in this way a 16 SWG coupon at least 25 mm x 16 mm (1 in. x 0,625 in,) is
placed adjacent toc the land being sprayed and is thus nfrayed with it. This coupon is
then hardness tested as being representative of the engine coating. On each component
the average of six readings taken around it is used as the hardness value for that
conpanent.

During the initial laboratory evaluation of flame sprayed coatings a hardness
value for that particular coating is established and this is the value, with an
established tolerance, used for subsequent quality control.

el N i, e P B e

The following chart ahows the wide range of coatings that axe being used in gas

i
I
}
| 1
! 6.0 EXPERIENCE TO DATE ' i
{ turbine engines, and the areas within the engine in which they are being tried or usedi~ !

: Max, Temperature Engine Positions in which

! Type of Coating Capgbility the coatings have been

! K used

' Filled organic resins or 500 Fan, I.P. and L.P.compressox

i rubbers. rotoxr paths and seals.

i Flame sprayed golyclter 600 Fan, I.P., L.P. and front 1 3
X resin + aluminium. end H.P. compressor rotor )

; paths and seals.

: Flame sprayed nickel/graphite 728 fan, 1.P., L.P. and H.P,
! compressor rotor paths and J
. seals and L.,P. turbine seals
; Flame sprayed boron nitride/ 875 L.P. and H.P. compressor :
aluminium bronze and boron rotor paths and seals, and y 3
: nitride/nickel chrowme in H.P.2 turbine seal. :
: aluminium,
; |
i Feltmetal 870 L.P., I.P., and H.P.compressox
f rotor paths and seals and u
i tuxbine root seals.
{
; Flame sprayed nickel/aluminiuf 1 220 HeP., I.P. and L.P. turbine
: and nickel chrome/aluminium. tip and root seals.
' Honeycomb filled and unfilled | 1 270 H.P., I.P. and L.P, turbine
(NL.7% cells with nickel/ tip seals.

aluwinium filler).

The idaal abradable coating for engine use would be one which could be applied
universally in all the seals (rotor path and finned). Preferably it would be a sprayed
coating, for eage of application, and would have a maximum temperature capability of
say about 1 2807K.

A vast amount of engine experience has been gained in both development and sexvice
engines and this has shown that we are a long way from achieving this idesl, Problems
of blade and fin wear, coating erosion and cost, are all contributing to the fact that
the above range of coatings are at present required in engines, y




27

Results from engine running have shown that fan rotor path coatings can experxience
moxe erxosion than the same type of coating applied to the I.P. and H.P. compxessors,

and as such some of the potentially higher tempexature coatings are not suitable for
uge in the fan casings.

As stated previously a successful abradable coating is one which will abrade
cleanly, without damaging blade or fin tips, but at the same time one which will
resist erosion. Some engines have produced cases wherxe both erosion and blade tip
waear have occurred together. In some of the labyrinth seals debris, produced when the
fins have rubbed into the coating, has been trapped between the fins where it has
eroded away the coating between the fins due to the high speed rotation of the debris.

Secondary engine problems sometimes result from the use of abradable coatings.
In one case the debris from a rubber based fan blade gath coating, resulted in the
formulation of a degraded rubbexr substance in the variable inlet guide vane air control
system, thus causing it to malfunction.

One of the best coatings used 30 far has been a flame sprayed polyester resin
with an aluminium filler. It appears to have good erosion resistance and abrades away
without blade tip 8 fin weaxr. The only problem is that it is limited to a maximunm
temperatuxe of 600 K which only allows it to be used in the L.F., 1.P. compressors and
part way through most modexn H.P. compressors. Apart from this coating all the others
are producing some sort of problem. By careful selection of the position in the engine
of each coating used, and by tailoring the lgraying conditions or the resin/filler mix
propoxtions, it is possible to limit blade tip and fin wear and coating ercsion to
levels which can be tolerated although in most cases they need improving upon.

So far filled honeycomb seams to be the only material suitable for use in turbine
tip seals, and at present this has to be carefully tailored to each application to
ensure that all possible rubs between blade tips and coating are kept to an absolute
minimum. Medium to heavy rubs rxesult in severe fin wear.

Many of the linings which are bonded or brazed to engine components give trouble
with either poor bonding or areas of Eoor bonding, and many cases have baen experienced
of parts of linings breaking away during engine yunning. This, together with exosion
problems, cost, @tc., has led to a genexal dislike of this type of material,

7.0 CURRENT 'STATE OF THE ART!

In general, the abrasive coatings used have baen developed to a satisfactory
standard and are working well, having accumulated & vast numbex of engine running houxs
in servicc. The position regarding abradable coatings however is nowhere near as good
and in many cas¢s abradable coatings are being perxsisted with when they are not entirely
satisfactory, because of the significant loss in engine performance which would ocour
if these coatings were not used. The main problem with abradable coatings, especially
for temperatures above 600 K is that no material manufacturerxs have yet come up with a
completely suitable material. It is hoped that this paper will serve to make more
people aware of this fact in the hope that more suitable materials will become availablae.

Currently, the major part of abradable coating evaluation is baeing done in ungines
which lengthens the time¢ for evaluation of a coating. Rolls-Royce, as engine
manufacturers, arxe well aware of this situation and are taking steps to devise improved
laboratoxry and rig tests. These will enable a more accurate evaluation of the
abradability and erosion resistance of candidate materials to be made, so that engine

tests will become final proving tests, rather than initial evaluation tests which many
tand to be today.

As discussed in 5(b) above, therxe are difficulties in rig testing coatings for
erosion rasistance, and a programme of work is in hand to devise and evaluate a realistic
erosion test, which will bLe done at the appropriate environmental temperature. However,
all tests of this type are accelerated, when compared with the rate of erosion in an

engine, and therefore a langthy period of corxrelation work is required to fully validate
these rig tests.

Abradable coatings and linings used in turbines, produce wear of the fins on the
root platforms and shrouds of the turbine blades. As these fins are usually an integral
part of the turbine blade, then serious wear of them would rxesult in the blade being
scrapped. To try and overcome this, various wear-resistant coatings have been applied

to the fins, but so far a completely satigsfactory coating has not been found, as the
fins are still wearing duxing a xub,
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(1)

(2)

(3)

(4)

(5)

(6)

CONCLUSIONS

The improvements in engine performance, to be gained by maintaining close
clearances at the various rotating skals within a gas turxbine, are essential

to its economic operation. To make the maintenance of these close clearances

a practical proposition often means the use of an abradable or abrasive coating
is mandatory.

Abraszive coatings are much less used than abradable coatings, as most applications
are not suited to the use of the abrasive ones. However, thare is general
satisfaction with the performance of the abrasive coatings, where they can be used.

Abradable coatings are the most widely umed, and are found in fan and compxemssor
bores over the rotor blade tips, in labyrinth seal housings, in turbine linexs,
and in blade root seal bores.

In general, the pexformance of abradable coatings in engines laaves much to be
desired, and in many cases the situation is being coped with by coatings being
carefully tailored for individual applications.

Within the limitod temperature capability of 600°K. an aluminium filled flame
sprayed polyester coating is working satisfactorily in a wide range of engine
applications.

Although laboratory and rig tests exist and axe being used to develop and
evaluate new coatings, better methods are xequired. Work is buing carried out
within Rolls-Royce to improve a hot erosion rig test and a laboratory abradability
rig, for evaluation of rotor path bore and labyrinth seal boxe coatings.

There is still a definite nead for new abradable lining materials, prefaerably
flame sprayed, for use in gas turbine engines. Such materials should have good
eroaion resistance with useful lives of 5,000 to 10,000 hours in an engine, a&nd
they should machine away cleanly without causing undue damage to blade tips or
labyrinth fin tips. Coatings are especially required for the turb&ne araeas w&thin
an angine, and these would require a temperature capability of 870K to 1 250°K,
depending upon the particular application.
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' . DISCUSSIGN ;
] '. \

i '*e
; : G.R.Wood, UK ;
i ) Could the author cominent on the compatibility of the seal material and the blade material, particularly on the i

p ; turbine gas path. Is there a probles with abradable seals retaining blade material under rubbing conditions and )

‘Jf : accelerating the blade wear? ¥

i {

4 a Author’s Reply

]{ : There are problems with abradable lining materials retaining blade material, and these are mainly confined to the
: turbine gos path seals. The problems centre around finding an abradable material, capable of withstanding the

) : temperaturos in the turbine, which is sufficiently abradable.

ESEAPRPRERY

s So far uxperience within Rolls-Royce has been that the turbine coatings tried so far have been too hard, and as
such have resulted in material being transferred from the blade tip to the coating, where it has usually become a
! hard oxide, which undoubtedly increases further the umount of blade tip wear,

A‘ Materials that are used at present, us turbine rotor path abradables, are better than nothing but are still too herd,

--‘ and therefore all produce significant blade tip wear, We are still awaiting the vvaitubility of a truly abradable i
. turbine liner materfal, |
|

y

A R.Stetson, US

. , |
b ! i
‘ ;, You did not discuss incuision rutes. It seems that on your slides you must have gone from one incursion rate tc :«
| ’ another in showing the smeured spocimen to the unsmeared specimen but you did not rate it an important :
-! f parameoter, .
'g. i B
o ‘ Author's Reply

4 Throughout all the tests, compared {n the slides, the incursion rute was constant ut 0.25 mm 1 sec (0.010 in. 1 sec). '
4 ‘ The reason for showing these two slides was to try und empiwsise the point that misleading results can be obtained )
1 | : by choosing the wrong design of test rig when evaluating the sbradability of coatings, In the exumple shown, the '
‘3 | small rig produced smearing of u couting which abruded clearly when using engine components, It Is thought that :
i ! | this was due to the fuct that dehris was not uble to clear the rubbing zone quickly enough. :
J : N . |
; 1 ' This point Is discussed in more detuil in Section 5(b) of my written paper, §
‘ . It was not intended to convey the impression that incursion ratv i nut an Important purameter, as it undoubtedly !
g is. However in the tests described, it was one of the parameters 111 was held constunt,
] J.Millward, Rolls-Royce Ltd, UK

’1 ; In the two abradability tests which gave conflicti ig results, 1.¢, u smeared effect on a small lab, rig and a clean cut \

: on an engine parts rig, was airflow used in both cases - - if not this probably wus the reason for the difference, i.e.
different debris removal rate,

) Author’s Reply

! The example given in the puper, i.0. that conflicting results were obtalned on two different rigs which were buing
i used to test the same coutings, was included to make the point that great care must be taken in choosing or
designing a rig to test the relative abradability of coatings for use in engines.

B e e am -

In answer to the question; a deliberate axial flow of air wus not supplied to either of the rigs. In the cuse of the
largo rig, this used engine compressor blades, and although it was a single enclosed stugo und would therefore tend
to “'stir’ the air, it would nevertheless aid the removal of debris to u much greater extent than the small dia. iy
described. An axlai airflow would improve the rate of debris removal and if sufficient, in the case of the smail dg, ;
would most probably give acceptable correlation with the rig utilising an engine compressor stage.

Certainly anyone wishing to conduct rotating abradability tests should consider very carofully the airfiow and
geomotry and their likely effect upon debris removal in relation to an actual engine,

d

. o R

P A.Mihal, France
Vous uvez purlé duns votre exposé des difficultés dans 'upplication des matériaux abradables. Est co qu’on peut \

B savolr quelles sont los difficultés que vous avez rancontrées? Pouvez-vous préciser quelles sont Jes difficultés en
: question?

Fultes vous des essals pour déterminor le rapport entre los conditions d'uspplieation et leurs durde dans lo temps?

." ] 1 Author's Reply
- ‘ In reply to your question | would refer you to Section 5(a) of my written paper, In it I have attemptod to oxplain
that when flame spraying composite coatings, i.e. coatings containing mixtures of materials, the final proportions
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of the mixture in the applied cnating can differ significantly from the mixture in the spray powder being fed to the
spray gun. The final proportions, and hence properties of the coating, are atfected by vatiations in the spraying
parameters which are optimised and then rigidly controlts:l.

Krosion and abradability tests are done to assist in finding these optimum spray parsn:eters which are, very often,
further modified following the results of bench engine tests on these coacings.

F.Willkop, Germany
Mr Ludwig has shown in his paper that Zirkon coatings have good insulating properties. Has the cuihor tried to
examine a multilayer coating on the casing in the blade tip region, ¢.g. Zirkon coating with an additional cover of
an abradable material?

Author's Reply
Although Zircen itseif has not been tries as a part of « multilayer coating other coatings (e.g. magnesium zirconate)
have been investigated. Attempts so fur have been unsuccessful in producing satistactory adhesion between an
abradable lining and the ceramic insulating lining, and to cate this is still a problem.
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ABRASIVE COATINGS AS SELF (LERNL G
GAS TURBINE CONPRESSOR VANE TIP SEALS

A. R, Stetson, Chief, Materials Engineering
J. W. Vogan, SBenior Research Engineer
W. A. Compton, Diregtor-Research

SOLAR Turbines Intsruational
An Opsrating Group of Intexnational Harvestex
2200 Pacific Highway, P.O. Box 80966, €an Diego California 92138

ABSTRACT

Efficiency of a gas turbine is reduced by vane tip losses in the compresmox mection. Vane tip/rotor ruhs
oan result in catastrophic failure of a gas turbine sngine. This paper describes & test rig and experi-
mental data obtoined evaluating abrasive coatings for clearance control between the vanes and the retor
in a gas turbine cocpressor. Plasas/flame aprayed oxidas, carbides and chewically bondcd abrasives wexs
tested under canditions duplicating those sncounterad in the comprussor section. The affectiveneus of
the coatings in grinding away the vane tips to provide minimum cleazance without damuage to tha vane ox
¥otor was detexmined. Coatings with rough, sharp abrasive grains were most effective. The laboratory
tests ware confirmed by ongine development tests with a full-scala rotoz.

INTRODUCTION

With rising fuel ocosts and increasing shortages, improved efficiency in gas turbine engines is ssaential.
The large tip clearances currently in use in staticnary turbine compressors to prevent contact dus to
shalt eccentricities are no longexr acceptable beckuss of loss in angine officiency.

The problem is best illustrated by referance to a mchematic in a modern industrial gas turbins compxessor
(Frig. 1). The vanes in the engine are static about the rotor. Spacing batween (he unshrouded vanes

and disc spacer rings (rotox) should be minimal for greatest efficiency, i.e., clearance to permit
agsembly and to allow for rotor thermal and maschanical growth and thexmal growth oi the vane dus to a

AT between shroud and tip. Under ideal operating conditions this minimal spacing could be used. However,
axperisnce has shown that some eccentricities in the shaft can develup and clearance must be cpensd
nlightly to allow foxr this possibility.

Vane/rotor contact can producs bowing and imbalance by uneven heating of the rotor. Frictional heat in
the vanes acoentuate the initial contact by udditional incursion resulting from thermal expansion, When
extresaly severe, vane rotor contact can produce ving spacer or vane failure and thus catastrophic engine
damage. Caiculations and experience have shown that the vane/rotor intexference rate can be as high as
25um/sec (0.001 in. sec) and can last for up to 30 seconds.

Increasing vane tip clearance is a very unsatisfactory approach to minimizing vane-rotor rub because it
resulss in an overall decreams in engine pexformance (output power and thermal efficiency).

To «ffect near net clearance, a aystem must be developed that will permit vane/rotor tip rub without
axcessive heating of aither componant. An abrasive coating applied to the rotor was selected as one
wesii of achiaving this objective. To be effective, the coating had to mest the following requirements:

1. Ramove the vane tips without generating ex~cssive temperatures either in the rotor or the vana.
2. Se unaffacted by thermal cycling betwsen anticipated ambient temperatuxes and 427°C (800°F).

3. Application as a part of the noxmal manufacturing sequence without subsequent finishing
operations.

Essentially no quantitative data was available on the performance of abrasive coatings under the antioi~
pated operating vonditions. Aluminum oxide applied by plasms or flume spraying has been used on
COMPLesBOX Gaxen, with some success, to serve as an abrasive coating for remcval of blads tips in the
event of rub. However, ns dats wus available on its use ua the xotor. To obtain the reguired data on
coatings, a test rig was designed and built, Tha xig duplicated thoss conditions sncountexred in
owmiprassor operations. Oxides and carbidcs were selscted as the primaxry abrasives because of thair
hardness, shaxp cutting edges, low cost and avallability; although consideration wam given to othex
materisls during the test program.

TEST FACILITY DESBIGN AND OPRHATION

The test ryig was dusigned to duplicate the conditions enoountersd in a Solax axial flow comprussox.
During operation, gas in the compressor discharge end is at a temperasture of 427°C (800°F) and the
surface velocity of the rotor is 305 mps (1000 fps). If & rub occurs, the vane to rotor intvuzion rate
may be am high as 0,025 mm pex ssoond (1 wil per second) with the meximum anticipated interference being
0.75 wm (30 mils). The test rig was designed to duplicate these conditions.

The completed rig, illustrated 'n Pigure 2, in powered by an air driven turbine adapted for this appli
cation fxom one of Solex's standard production engines. Alr to drive the turbine is supplied at a
pressura of 0.69 Mra (100 pel) with a mass flow of 1.35 kg (3.0 lbs) per second. This value may vary
from test to test depending upon the coating tested and the configuxation of the test rotor.

This tuxbina is directly coupled t» the output shaft through a flewible coupling. The relatively slow
turkhine spesd (20,000 ypm versus 60,000 rpw plus in normal oparation) reduces drive efficiency; howaver,
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this is more than offset by the elimination of the gsarbox of an electric motor driven unit. The test
rig drive, ag shown in Figure 2, was eszsentially maintenance-free after literally hundzods of test runs.

The basic test disc used in abrasive rub testing was & nominal 31 cm (12 in.) in dlameter and is machined
from an AISI 410 forging. Several of these ware mads to minimine down-time while the disc is being
coated between tests. Over 50 material systems have been tested to date with this equipment.

The vane used fo- testing the ocatings is located lmmadistely below this dico on a platform advanced by
a variable speed drive calibrated to produce an advance rate of 0,025 mm (0,001 in.) per second.

During elevated temperxature oparations, the disc is heated Ly an oxygen-acetylene tocch and the vane by
the hot gas generated in the cavity during the heuting of the disc.

The basic instrumentation used to monitoxr the test consiats of the following:

. Vans temperature thermocouples
. Vane atress strain gauges

. Speed sensing pickups.

These outputs were recorded by &n osvillograph. Wheel temperaturs was monitored by a stundard strip
chart recorder. In addition to this basic tesi data, vibration lavels, oll prersure, and bearing
temperatures wers monitored to warn of potantial wquipment failurs. '

The test provedura used with this facility is as follows. The abrasive matsxial to be svaluated is
applisd to the periphexy of tha disc in the desired thickniess. The disc ix then balanced and installed
on the rig. A test vane with calibroted instxumantation is inxtalled on the drive platform and the unit
is ready to run. The disc is brought up to a speed of approximately 5000 rpm and the speed hald constant.
The instrumentation is given a final operational chack and the torch ignited. Speed is then held
constant until temperature of the disc has stabilised at 427°C (800°F). Once thermal stability is
achieved, the spe=d is increased to give test velocity of 305 mps (1000 (ps) and conditions are again
stabllized. The test vane is then fed into the fisc periphery for 30 seconds at a rate of 0,025 mm
(C.00L in.) par second. Tha unit is held at this spsed until cool down is complete to prevent haut soak
back intu the bearings and turbine. After cool down, the disc and vane are removed for furthexr exmmina-
tion followed by stripping and recoating of the disc for subsequant testing.

This test rig has been in operation for over three years without any significant problems. Racently,
ninor modifications have been made to it to incorporate a capability for the testing of bladed discs.
Abradable tip seal materials have been tested at speeds of up to 420 m (1400 f£t) per second and test
temparaturas to 1370°C (2500°F).

TESTING
BELECTION OF MATERIALS

Because of the lack of specific data on abrasive coatings for the proposed application, it was decided
10 test as many diffexent material systess aw were practical. Initial selection of the materials for
testing was made on the following basis:

1. 'tThe material system must be potentially capable of prolongod opexation at 427°C (600%F)
in an oxidizing atmbsphere.

2. Testing would be limitod to materials that ware commarcially available.

3. ‘The abrasive grain would be of a composition of demonstrable hardness with shaxp, cutting
edgen.

4. The coating must be applied to a finish dimension without subsequent processing.

S.  Application of the coatiny was to be compatible with our standard compressor fabrication
methods .

Ising these cuidelines the following materials were selected for initial testing as the abrasive con-
stituent in the coating:

. Alusinum oxide

. Chromium carbide

. Tungsten carbide

. Silicon caxbide

. Chromium sesqui oxide.

Although the latter was not considered to ba a true abrasive, it has shown sxcellent wear resistance in
other applications and was included for comparison with the more abrasive materials,

Plaswa spraying (P.5.) was selected as the primacy wethod of application for these materials. The pro-
cesses were well advanced at Solar and vould kv used to apply the coatings to the closs tolerances
required. Nickel aluminide was chossn as the primary bonding agent in the composite ccatings wince it
is salf-bonding to woet alloys inoluding the AISI 410 substrxate. Cobalt and nickel-chromium bonding
alloys were also umsed in a few cosposites as wera coatings of the pure abrasive materials.
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In addition to the plssma sprayed matexlials, a Solar developed abrasive coating (RC-1) wag applied by
cunventional spray techniques and cured at 538°C (1000°F).

TEST PROCEDIRES
The material systems evalusted were tested for the following characteristios:

. Thaxmal ahock resistance

. Thexmal stability

. Adherence

. Surface xoughness

. Abrasivenass, as determined on the rub test rig.

Thexmal Shock

Coatingr were tested for their ability to withstand repeated thermal cyeling by applying the ooating to a
test panel of AISI 410 steal, 77mm x 103 mm x 1.53 mm thick (3 in. x 4 in. x 0.060 in. thick). These
panels were hsated to 538°C (1000°F) and removed and quenched in watexr. This cycle was repeated ten
times or until failuve ocourred am evidenced by spalling of the ocoating.

Thermal stabiiit

The effect of prolonged axposurs to elevated temperatures was determined using panels prapared in the

same ranner as those used in the thermal shock tests. Thesa panels were heated in a fucnace for 500 hours
at 850°F, After tasting, the panels were removed and examined visurlly for any evidence of attack due to
the prolonged exposury to the slevated temperature.

Mherence

The adherencs of the coating was evaluated in two ways - band testing and tensils bond tests. For bund
taxting, coated panels similar to those used in the previous test, differing only in wizme [51 ms (2 ir.)
square] , were bent over a 12.7 sm (0.50 in.) diameter msndrel for a total bend of 180 degress. Per-
formance was judged on the basis of percent of material loat.

The second test foxr adherenca, or bond strength, utilized tenuile strangth. The coating tu be evaluated
was applied to the end of a 2,54 ca (1 in.) Giamater rod. A sinilar rod was then bonded to the coating
using a high-strength epoxy adlhiesive. After curing the sdhesivs to its saximum strength, the cesmanted
rod was placed in a tunsile testing machine and the tensile forus required to rupture the coating-
substrate bond was messured. Bond utrength was then calculated.

Surface Roughness

Surfaca roughness of the coating was measured using the same samplei as were used in the bend test., 2
conventional profilometor vas used to make thass meisuroments.

Rub Testing

The pariphery of ths test diso wai comted to a thickness of 0.25 mm (10 mils) and the disc mounted on the
test rig. The test vane was instrusmented with a themmonouple attached 2.5 mm (0.10 in.) from ite tip amd
strain gauges cemented to the vanes, 32 mm (0.123 in.) from the base, Tia rig war brought up to an
opexacing speed of 304 mps (1000 fps) at 427°C (800°F), and stabilixed. The vane was then advanced into
the coated disc At a rate of 0,025 mm (0.001 in.) per seocond. After the vans contacted the dimec, it was
allowed to advance for an additional 30 seconds at which point the fead mechanism wes reversed and the
vane wvithdrawn from contact. fThe unit was then shut down and the vana and disc removed for exmuination.
Data recurded during this tesc werxe the strain op the vane, the teweratura indicated by the thexmocouple
located 2.5 mm (0.10 in.) from the tip, and the change in vheel speed. Both the costing and the vane
were examined visuailly for burning, wmetal transfer and overall appearance. Representative vanew ware also
sectioned for metallographic exanination.

RESULTS AND DISCUBSION

Ovexr 50 material systeus were tested. 1Typical results ars presented in Twble L for ths initial screening
tests of various coatings. These results have been limited to thoss obtained with aluminum oxide,
tungstan carbide, chromium carbide snd chromium sseqy oxide abrasives. As is evident in the table, the
baseline abrasive was aluminum oxide and it was tests: oth as a pure plassa sprayed coating and with
various binders. Tungsten caxbide vas limited to a ocouLalt binder. Attesgts to bond it to the substrate
chemiocally were unsuccessful. Chromium seaqul oxide was tested ~aly as a pure matarial and showed little
prosise. Chramium cmrbide was tested both with a nickel-chromium alloy binder amd with nickel aluminide
as the bonding agent.

The first ogriteria used far evaluating the coating was the ease and reliability with which it could be
applied. Materials showing poor deposit sfficiency were discontinued since they were not considered
suitable fox the end application. Chromium sesqui oxide and nickel aluminide bonded aluminum oxide waxe
dropped at this point.

Surface roughness values xanged from 3.1 p matre (110 micxoinches) for the chromium sesqui oxide to

14.1 y metre (575 microinches) for tungeten varkide which was the coarest muteriml tested. The majority
of the abrasive materisls wers found to lie betwesn § y metra (200 mioxoinches) and 11 u metre (423 mioro-
inches). Plasma sprayed coarss aluminus cwide, which is one of the most common abrasive waterials used
in this and similar applications, gave a surface rouphness of 5.1 u wetre (225 microinuhes). 'The M1




34

coating had a surface finish of 1l y metrs (425 microinches). Both materials appearsd to be adequataely
i rough for the pxoposed application.

[ o Metallographic sections were taken of all coating types and examined visually at & magnification of 100X.
& b The comments in the table are laxgely self-sxplanatory. Of particular note is the typical difference

! between plasxa sprayed and chemically bonded abrasive (RC-1). This is illustrated in the scanning
X 3‘. electron micrographs in Figures 3A and 3B. The P.8. coatings exhibited a relativaly dense structure with

: rounded grains and thus retained little of the structure required to grind or accommodate the grinding

§ debris. With the RC-1 abrasive coating, the structure is open and the grains retain the majority of thair

“as oxushed” sharpness. As will bs noted subsequantly, sharp grains and an opan structure ars required

| in an effectiva self-cleaning abrasive coating. Attempts to obtain +his structure by plasma or flame

i sprayirg wexe unsuccessful. As power was reduced to the plasma gun, for example, to decrease rounding of
] : the edgas of the abrasive grains to improve cutting efficiency, the weak, porous struature was readily
=) wipad avay during a rub. Co-spraying of a nickel aluminum bonder alloy with the abrasive grains also did

{ not produce adequate retention of the abrasive unless plasma power was high snough to malt the abrasive
. ' grains.

The final test in this phase was for the adherance of the coatings to the substrate, Except for the
chromium carbide, none of the coatings was ceverely dumaged by the bend test. The material loss indicated
. in the table was largely on ths edges where more teversly strassed conditions exist. The nickel aluwminide
i bonded aluminum oxide and the conventional fine grained aluminum oxide had relatively high spalling
tendenicies but losses were not sufficient to discontinue use of the materials on this basis. Tensile
tasting for bond strangth showed that all of the materials were capable of meeting the low centrifugal
stresses axpacted during operation [<680 kPa (100 psi)]. |

Data cbtained from the bend test and bond strength test were confirmed in the therviaal shock test.

; Thermal shock results were not tabulated. All wmaterials passed and no significant differences were found {
in performance during thermal shock. :

Similaxr tests were conducted on chemically bonded tungsten carbide abrasive grains. These data are not i
includad. The binder under consideration did not adequately wat the tungsten carbide abrasive grains.

{ Tensile bond strengther are not reported for the RC-1 coating since the epoxy adhesive used in these tests
) did rot adhere consistently to it.

4 : The rub characteristics of representative coatings tested in this series are reported in Figures 4, 5 and
k| ! 6. In sddition, a rub on a bars, uncoated diso is included in each to serve as a baseline. Uncoated
g : data represents the situation in a conventional vane-rotor rub and should be used as a guideline in
; svaluating subssquent results.

disc, Chatter wacks from the vane are svidant. These are the result of localised metal bulldup and

indicate that & very high vibration level is generated in the vane duxing rub with the bare disa, Fig-

ure 8 ls of a rotor plasma sprayed with & conventional sluminum oxide abrasive. Although chatter markn

‘ have basn eliminated, the metal transfer to the disc is excessive indicating limited surface life and

: potential problems in rubs with multiple vanes. Figure 9 is a photograph of an RC-1 abrasive coated
disc. This disc has bsen through the same rub test as the two previous discs but no evidence of metal

; transfer or coating damage can be observed. In Figure 10 the appesrance of this rub is shown in actual

k oparation. To the left of the picture is & steady stream of sparks similar to those genexated by a

I grinding wheel. This steady grinding operation continues throughout the rub., When uncouted discs, or

! disces coated with plasma sprayed aluminum oxide, are tested in this manner the st.ean is intemmittent

! indicating that the thermal gxowth occurs during rub until sufficient heating oocure to melt the tip of

: the vane. At this point the molten metal is thrown clear and the rub is interrupted until the vane has

' advanced sufficiently to resume contact. This is an undesirable situation since it tends to creats a

'l dustructive xub mode and gives considerable excaess vane wear, tmounting to 0.25 mm (10 mils) in most

! cases dus to thermal expansion of the vaine resulting fxom frictional heating.

|

) :" | Typical appearance of the rotor after a vane rub is shown in Figures 7, 8 and 9. Figure 7 is an uncoated
i
|

Three grades of tungsten ocarbide wers tested and as predicted upon sxamination of tha ooating prior to
: teat, the coarser the grain, the better the cutting action and the less metal transfer. Ths chromiuam

carbide ccating showed heavier transfer than any of the other materials tested and way dropped from the
oy i program,

The next criteria used in evaluating the coating's eaffectiveness was the temperature recorded by a
Chromel Alumel thermocouple located 2.5 uwm (0.10 in.) from the tip of the vane at the time of initial
{ oontact. Thesa data srs reported in Figure 4. The tewperature indicated by this thexmocouple lagged
}

|

i

I
1
§
!
i 1
| the oontact temperature due to the mass of the vane and ths distance to the rub area. Aagtual vane tip !
) teaperature was sufficient to gensrate melting in most tests, An indication of the magnitude of this |
! delay is the disorepancy between the tesmparature readout of 543°C (1010°P) for the vane rub on the bare
i disc in comparison with the probable tip temperature in excess of 1482°C (2700°F) as indicated by the 7
, malting of the vane tip, 1In all cases, the appiication of a ocating to the rotor raduced the tempera- !
.| tures observed on the vans, Howaver, with the axcaption of the FC=1 ocoating, all coatings testsd still
. ' created melting of the vane tip. Increasing the grain sise of the tungsten carbide abrasive did not
A ' reduce the indicatad vane temperature. The reverss occurred with the tungsten carbide abrasive giving '
t ; an indicated vans temperature of 301°C (573°F) for the fine matexial and a temperature of 512°C (953°r)
: for the coarse material. This repreaents a nominal grain size variation of -325 wesh for the fine !
matexial as opposed to -150 nesh for the ovarse materiil. The chromium carbide gave a slight temperature
reduction of 21°C (60°F). These temperatures are almost identical with those obtained with the ocoirxse
-~ : tungsten caxbide coating. The coarme aluminum oxide ocating reduced the msasured temperatures to 438°C !
A i (820°7) again indicating soms improvesant in performence.

|
] ftrain data, Figure 5, gensrally paralleled the temperaturs data indicating the effectiveness of the |
| coating. Tha oorrelation was qualitative, not quantitative, as was the speed loss during rub, The data l
| |
' |

i

cbtained from the bare disc was inconsistent with that obtained from the costed dimo, with regard to
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strain and spoed, and thia discrepancy has not been resolved. fthe disc coated with sharp abrasive grain
(RC-1 ocotuting), showed an incxease in spssd during rub caused by a slight smoothing of the disg during
initial contact. The reduction in air Arag was greater than the frictional drag on the disc dus to rub.
An overall acceleration of the disc was thus reocorded for a constant Ariving force on the tuxbine,

The air drag imparted to the disc by the rouwgh abrasive ccatings is calculated from the power reguired by :
the driving turbine. The bare uncoated disc was used as a baseline and given an arbitrary value of 100. X .
Increased mass flow required through the turbine to stabilisze at operating speed was calculatsd and . It
converted to zelative pexcentage as compared with the dare uncoated disc. On this scale the increase in |
power amounted to batween 10 and 15 percent. The data obtained are prasented in Figure 6. This measure- .
ment is useful in assuring reproducible testing and comparing overall coating roughness. It is not '
applicable to compressor operation whare the effect is not detectable bused on full-scale rig test. :

Appsarance of the vane tips atter a ruh is very revealing as to tha effectiveness of a coating in pre- |
venting overheating and stock removal. The appearance of a metal-metal rub, also characteristic of ‘
essentially all of the plasma sprayed ocoatings is shown in Pigure 1l. ‘The alloy reaches a temparature |
near the melting point at which it is resadily axtruded. Thisz extension of the material is relatively
symmstric showing essentially no preference to move the material in the dirxection of the motion of the
disa. With an efficient cutting material, e.g., the AC-l ccating, this extrusion of wmaterial does not
occur as is shown in Figure 12. The vane is uniformly ground with miniwum heating. Essentially no buxr
ia formed that would interfere with blade aerodynamics.

-
In ranking of abrasive coatings, the two most significant test parameters appear to be tamperaturs rise
and maximum strain during a xrub. These data for representative coatings are illustrated in Figures 4 and
5. ‘The results ahow that many of the plassa sprayed coatings are little, if any, better than the uncouted
alloy. The RC-1 ocoating with the retained sharp abrasive is the cutstanding coating. Thia ooating was
solected for a full-size rig test.

The comparison of coated versus uncoated rotors during vane tip-rotor rub is clesrly shown in Figure 13.
Thease tests wers conducted on a full-size rig to confirm the results obtained in the laboratory with full-
size engine componsnts., The vanas to the left have been rubbed against the RC~1 coated xotor. Exvaept

for a very thin wire edge, no vane deformation or burning has'ocourred. The vanes rubbed against the
uncoated rotor are shown along side and the heavy burrs on these vanes can easily be seen. It is also
evident that the vanes rubbed against the uncoated rotor have a burr both on the leading edge and the
trailing edge ag in the laboratory tests.

CONCLUSIONS

Properly engineered abrasive coatings applied to tuxbine compressor rotnrs are an effective means of
reducing tasperature increase during rub and eliminating excassive vane strain. These coatings can be
applied with sufficlent reliabiiity for production usage on compressors operating :p to 427°C (800°F).
Soms loss of efficiency might be expected Aue to the increased surface roughnoss of the rotor. However,
this represents only a smail parcentage of the total rotor area and the sffaect would nut be detectable i
in normal operation. The increase in efficiency due to oparating with minimum vane clearanves will fax i
more than offset this slight inoxease in serodynamic drag. !

Testing of vartous ooatings showed that conventional flame and plasma sprayed coatings lose much of their

) sffectivensss dus to a rounding or melting of the sharp edges of the abrasive grain during spplication.
Whan the sharp edges of the grain were maintained by other bonding methods, cutting efficiency was greatly
increased and the overheating ¢r melting of the vano tips was eliminated. Tnorganic low temperatursbonds
for the abrasive, e.g., the one used in RC-1, afforded the best grain sharpness retention.

"urther work will be oconducted with these coatings not only for use on the turbine compressor rotor but
also on blada tips to overcows xu) problems in the blads housing area, The use of the reduced running
clearances allowed through application of abrasive coatings to parts that may oome in high speed ocontact
during operaticn is expected to reduce overall fuel consumption of the turhine engines significantly.

‘ In evaluating an abrasive coating, the visual examination of the specimens after test for burxs, melting
| and wetal tranafer is ona of the most reliable means of evaluating thaix performance. Instrumanted data,
i such as strain gmyes and thermooouplas, are helpful in this evaluation but ths data gensrated axe
insuZficient for a final decision. The test xig built for this program becuase of its versatility and
the upeed with which it may be adapted to other configurations and the rapid test tum-around has proven
invaluable for gaining pravtiocal insight into the behavior of high-spesd rotating components during rub.




TABLE 1, INITIAL BCREENING TEST RESULTS FOIl ROTOR ABRASIVE COATING 8 APPLIED TO AN AlSt 410 BASE

Adharence

1w o t Bend Test ‘Tensile Bond Birength Ahrasive Grain
Abrastve System {4 matre~p in,) Appearance (% Matarial Lost) (MPa - pal) Appearance

Nicke) Alvwminide Bonded 44~ 178 Lamioar with 30 20 « 4200 Rounded adgm
Aluminum Oxide approximately
10 parownt abraalve

Plasma Bprayed Aliminim Laminay with Flat with rounded
Oxide (83 > 18 microns) discominuous volde corners

Flama fprayed Aluminum Mimilar to plaams Ovoid
Oxide (78 > 30 microns) sprayed with lavger
volls

RO-1 10,8 - 438 Projeciing abrasive N/A sharp blooky
graina bonded to el
substrate

Cobalt Bonded Tungsten Fine uniformly 69 - 1600 Metallic ooating
Surbide (43 > 30 miorous) dlupersed abrasive on sbrasive
graing in matal mairix

Cobalt Bonded Tungsten Uniform siruoture 48 - 6200 Rounded abrasiva
Carbide (83 > 30 miorows) wiit avenly dicpersed gralns
gralaa

Cobalt Bonded Tungsten Keally applied 14,4 - 678 Opan structura with Larpe round
Carbide (14 > 30 microns) to flniah approximately 20 graing
dmenalon pervent vojda

Niohsl-Chrombuim Donded Modarate Fine Nsed appuarance Fine gralne
Chrombum Carbide dispersad in
meta) watrix

Nickel Aluminide Boaded Laminar structure ¥ine rounded
Chromium Cavbide with discontinuus graine
volds

- I
1L I 7
VANE
ABRASIVE COATING

ABRASIVE COATING
LOCATION (See Detall A) DETAIL A

COMPRESSOR SECTION TURBINE/COMBUSTOR SECTION

FIGURE 1. TYPICAL MODERN AXIAL FIW COMMERCIAL GAS TURBINE
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FIGURE 2, SCHEMATIC AND CRCSS BEC'I‘DFN OF THE RUB TEST RIG FOR EVALUATION OF ABRASIVE ROTOR COATINGS

3.7
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FIGURE 11, CROSS SECTION OF A TYPIOAL VANE AFTER RUB
WITH A PLASMA SPRAY COATED ROTOR

FIGURE 12, CROBS SECTION OF A TYPICAL VANE AFTER RUB
ON RC-1 COATED ROTOR
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Figure 13,

Vanes Sagments Rubbed Against a Full Scale Roi.or During
Avanced Engine Development Tests

Ungoated Rotor

RC-1 Coated Rotor
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DISCUSSION

AJ.BJackson, UK
You mentioned that the roughness of the coating caused negligible acrodynamic loss. Have you condugted
systematic tests to separate the effects on aerodynamic performance of tip clearance and coating roughness?

Al
o Author’s Reply

! No. I have not. Closing the tip clearance is of course the general basis of abrasive coating itself. and there is no

{ way for us to close the tip clearance on the engine without some means of inhibiting the heating of the rotor under
i adverse conditions or ¢ccentricity of operation, The only quantitative information 1 might say on this is that in

» the operation of the engine we can see a difference in its operation from the standpoint of aerodynamic etficiency
K changes.

. { J.G.Ferguson, UK
{
{
|

- 1 am not sure you mentioned in your taik whether you machined the coating after you have applied it?

. ! Author’s Reply |
o ol No, it is applied to actual thickness, It is applied to within approximately 25 um. Machining is really not feasible. \‘
' You would have to diamond grind it. And we would get into an expensive operation in doingso. We think the ,

i accuracy of 1/1000 n, is satisfactory. I
) {
. 3 {
. W.B.Litchfield, UK '
R What 1 the approximate bond strength? i
k| 3

| Author’s Reply 9 ‘
x 1 did not go into these details of bond strength. It is very difficult actually to measure bond strength on a coating ‘

- of this sort since it is completely open structure. But my rough guess would be that we are talking about a bond ; i
s strength of about 800-1000 psi. ’ *
. bl

g W.B.Litchfield i |

\ ) Describe process details with respect to application of RC-1, : .‘
- !

& Author’s Reply i j

E It is sprayed on like slush and fired at & thousand degrees Fahrenheit actuall,;. The binder diffuses at that point, ; )
. reacting very slightly with the aluminium and so the entire component there is fired. It is well within heat treat :

) cycle of the rotor which is about 1125°F. i ;
. ! ]
W.B.Litchfield L
Can the coating be applied to vane tips? i i
. i v‘
° Author's Reply !
We have investigated and we are investigating tip clearanve coatings of various kinds, For the low temperature ;
application, there is no question that it could be bonded on to tip vanes or tip blades. The use temperature of :
this particular composition is 1000°F. There are other programe in operation with Solar, General Electric C , ! ‘
and NASA in which we are lcoking at coatings aimed at maintaining the abrasive on to about 1000°C. It isa l
question of contrailing that bondirg mechanisni. The grains s. very effective at high temperature, Our !
. experience is that flame sprayirg is not o effective. it is necessary to use a bonding technique around the !
LI edges of the grains, benefiting by the special structure of the grain itself. ’ %
2 W.B. Litchlield ; |
R Does the ceating here influence in the fatigue properties of the substrate material? i ,
. ! 1
Author’s Reply ' 1
No, not at all,
H.L.Stocker, US

o Relative to Figure 6, what was the absolute horsepower measured?

PR




316

Author's Reply
The power levels used to be a requirement. Power was measured by taking the volume flow of air through the

turbine that drove the rig.

H.L.Stocker
Did you account for possible turbine efficiency change in determining relative horsepower?

Author's Reply
This has been considered but it seemed to be unnecessary since experience with test rigs driven by electric motors

showed that distinction was not possibie whether a coating had been applied or not, There seems to be evidence
in hand that the effect is small relative to others during operation.

H.L.Stocker
Did you run back-to-back tests with & smooth and rough (abrasive) surface at the same clearance in your compressor

rig?

Author's Reply
Back-to-back tests were made for a vane tip clearance of approximately 30 mils, At our system the drag is primarily

an aerodynamic drag of a disc freely rotating in a confined chamber and at constant clearance — no difference was
noted.

H.L.Stocker
The possible effects of surfuce roughness on the airfoll velocity diagrams were not evaluated or determined in the

Way YOu ran YOUr compressor rig,

Author's Reply
No.

G.Halk, UK ~
You talked about catastrophic failures that you occasionally experienced ofi-the engine. Have you managed to

reproduce them on this rig?

Author's Reply
Well, the catastrophic failures that had been experienced are relatively fow. If you remember the design of the rig

it used a solid wheel. The example that | showed happened to a ring spacer. It is only with ring spacer of course
when any problem occurred in any engine facility,

Let me just add another comment: We have a program now with the Aero Propulsion Laboratory in which we
plan to investigate the distribution of heat within the ring, a program in which we are going to study the heat flow
under various ingression rates, the heat flow within the vane itself and within the separated ri..g&, But within that
wheel we could not. We were only looking at temperatures exclusively within the vanes. At that point, we were
unable to measure the rotor temperature rise. These are vane temperature rises. Now, with the new setup with
the telemetering system, we will measure the strain in the ring, the temperature distribution in the ring and also
in the vane much more thoroughly than was possible in this particular program.
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APPLICATION DES FEUTRES METALLIQUES OHP
AUX JOINTS D'ETANCHEITE DE TURBOMACHINES

par Emile GENIEYS
Sockité HEURCHROME 92700 Colombes - France

ot André HIVERT
Office Nationa! d’Etuces et de Recharchas Adrospatiaies (ONERA) 92320 Chatilion - France

Rdsumé

L'ONERA & créé des feutres métalliquer qui s carsctirisent par une tris forte porosité (jusqu’d 05 %) et
une structure fine (fibres tubulaires de 10 A 30 um). Le procédé consiste & udpoter par vole électrolytiqus un
métasl comme le nickel sur des fibres de carbons provenant de lu pyralyss de ia celluloss. Ces fibres en vrac sont
tramsiormdes en fsutres su moyen de techniques pspatidres ds sédimentation par gravité ou centrifugation, Un

frittags consolide i'édifice et dlimine le corbone.

L'extr’ @ plasticité de ces feutres ot leur aptitude A recevolr par ditfusion gazeuss du chroma ot de I'slu-
minlum en for. des matérisux particulié t bien adaptés b la ¢ lon de joints d'étanchéité de turbomschines,

La Soclété Heurchrome a pris en charge leur développsment (d'ol leur nom OMP, pour OMNERA Haute Porositd).

Ells & mis sn osuvre des techniguss de scell

gue pour les zonm & bessse et moyenne

wmpdrature (jusqu’d 500°C), ot des procédés de brasage pour les tempdratures supdrieures, Los Joints ainsi réalisés
wnt opérationnels jusqu'd B00°C ; |it sont su stade det esmais au banc pour les tempdratures supdrisures, jusqu'd

1080°C.

APPLICATION OF THE OHP METALLIC FELTS TO TURBOMACHINES SEALS

Summary

ONERA devsloped metallic felts charactarized by a very high porosity {up to 95 %) and a fine structure
{10 to 30-um-dintubuler fibars), The process consists in depotiting by electralytic means & metal, such & nickei,
on carbon tibers made by pyrolysis of celluloss, Thess Inoss fibars ste transformed (nto feits by means of paper

il

works
snd eliminates the carbon,

ques of sed) fon by gravity or centrifugation, A sintering operation consolidaxes the materiat

The extreme plasticity of thesa feits and their sptitude to receive by gassous diffusion chromium or alu-
minium make tham perticuterly sultable for turbomachine seals. The Haurchrome Company took charge of their
industrisl devaiopmant (hence thelr neme OHP, for ONERA High Porosity). It implemanted metallo-ceramic
waling technigues for the low and medium temperatures (up to 500°C) and brazing processes for higher tempe:
ratures. The sesls fabricated this may are cperationsl up to 800°C , they are at the bench testing stage for highe

temperatures, up to 1080°C.

INTRODUCTION

L'accroissement du rendement thermo-dynami-
que des turbomachines ast un souci constant des
wotoristes. L'augmentation des tampératures et
des pressions qui contribue puissamment i cette
dvolution a conféré un xdle primordial aux joints
d'stanchéité entre les divers nivesux de pression.

Les joints des turbines 3 gax : joints de
labyrinthes, joints de carters compresseurs,
joints de carters turbines, doivent resplir a
priorl trois conditions essentiellas @

- forte porosité globale : condition de légiraté
«t d'innocuité pour les pilces antagoniste.

- structure fine : condition de bonne $tanchéité
at d'abradabilité régulidre ot inoffonsivae.

~ résistance 2 1'oxydation et A la corrosion pour
les applications ol les joints travaillant 2
haute ou moyenns température.

De plus, ces caractéristiques ne doivent pas
ftra ohtenues au détriment de lsur résistance »é-
canique, en particulier, résistance & 1'&xosion
par les gax circulaut i grande vitesse.

Les travaux que 1'ONERA & conduit dana ce
domaine se wont orientés, dis le départ, vers

1a création d'un feutre mbtallique qui, par sa
structure enchevétrée, prdsente une solidité
considérablement supérieure aux matériaux de mdme
poroaitd provenant du frittage de perticules fi-
nes et &qulaxas. (1)

La méthode de fabrication définle, parfaite-
mant originale, a permis d'obtenir un matdriau
aduptable aux divers problimes, parfois txds dif-
ficiles, rancontrés dans ce domains des joints
de turbines & gax.

Cette méthode prévoit la fabrication d'un
fautre de nickel pur qui est 1'&lément de départ
de toute une série de produite différents adaptés
2 chacun des problimas splcifiquas. Ce feutre de
de nickel sst ensuite transforsd par des opira-
tions de métallisation qui persettent d'obtenir
un feutre homogdus de composition t mnickel-chrome,
far-nickel~chroms, nickel-sluminivm, nickel-fer-
chrome-aluminium, nicksl-chroms-aluminium, etc.

Certaines de ces opérations de métallisation
peuvent Stxs rdalisées sur e feutre lul-mime
avant wise en place sur son support. Cartaines
mutres ne sont effectulies qu'aprds brasage des
feutras sur leur support. En particulier, cette
dernidre mithode parmat d'cbtenir des feutres ca-
pables de x&sister B des températures laxgessnt
supbrieures ¥ 1000°C,
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Pour das raisons de commocdité ces feutres
métalliques ONERA 3 structure fine at haute poro-
sité saront désignés par l'expression feutres OHP
(pour "ONERA Haute Porosits'"). On examinera succes-
sivament leur fabricacion, laurs caractéristiques
ot leut application sux différents jolots d'étan-
chfité des turbomachines.

I. FABRICATION DES FEUTRES OHP

A- Feutras de Nickel

La technique retenue pour cette fabrication
ast basSe essentiallement sur 1'utilisation de
fibras métalliques obtenuss par dépSt §lectroly-
tique sur des fibres de carbons. La feutre est
réalisé en cing opérations principales successi-
ves.

a, Das fibres da :elluloss sont pyrolysées an
vrac 3 1000°C, sous protection d'une atmosphire
«d'azote enrichie de xyléne, pour obtenir

par dépSt de carbone pyrolytique, la conductibi-
1ité nécessaire.

b. Les fibres de carbone ainsi obtenues mont re-
vituas de nickel par dépSt &lectrolytique au
tonneau.

¢. Les fibres nickelées sont dipparsées dans
1'eau puis sédimentées par gravitation ou centri~
fugation. On obtient ainsi un feutrs brut qui,
blen que peu solide, est nEammoins aisément wmani-
pulable.

d. Cetta &bauche est ensuite frittée 3 1050°C
duns l'hydrogéne humide ce qui a pour effet da
congolider par diffusion las points de jonction
ot d'&liminer le carboune sous forme de CO ot de
CH

4

@. Enfin, le matdriau peut &tra plané et comprimid
pour adapter sa structure & l'utilisation envisa-
ghe,

Catte technique du fabrication donne au mai-
tre d'auvre , la possibilité d'intervenir sur
toute une série de paramdtres en cours de faori~
cation. Les caractéristiques du produit final
sont, en consbquence, modifides. Parmi las para-
witres importants, on peut citer la n dure de
la callulose (coton, viscose, etc.), » 'Upaisseur
du dépSt $lectrolytique de nickel, la température
da frittage, le taux de compactago.

B- Feutres d'alliags

Le feutre de Nickel est un deml produit qui
pourrait djd &tre utilisé pour certaines sppli-
cations jusqu'd 400° environ., (premiers tages
du comprasseur).

En fait pour limiter le nombre de catégorias,
c'ant un feutrs nickel~chrome dont la tenaeur en
chrome est comprise entra 25 e JOX qui aest utili~
sé pour toutes les applications allant de la tem-
pérature smbiante 3 750°C. Cet enrichissemsnt en
chroma du feutre de nickel est réalisé dans les
conditions classiques d'une chromisation en pou-
dre ayant comme caractéristiques essentielles

=~ une forte concentration en Sliments donneurs

~ une bonne porosits du céwent permattant un
transfer: aieé par diffusion gazeuse

~ un dosago priécis du cément pour évitar la for-
mation de chrowme alpha dans les fibres du feu-
tra, ce qui les rendralent duxes et cassantes.

D'autrap opératione de ferrisation at d'slu-

minisation pauvent également &tre prévues. En
particulier, l'opération d'aluminization qui est,
en général, réalisée aprés brasage du feutre
aboutit @ un matdériau capable de résister 3 des
templratures d'utilisation supfrieures i 1000°C.
De plus, l'opération d'aluminisation permat en
cas de {ixation du feutre par brassge da trans-
former la nature de la brasure dans le sens tris
favorable d'un accroissemant simuitané du point
de fusion et de la résistance 3 la corrosion.

IT. CARACTERISTIQUES DES FEUTRES OHP

Las fautres OHP présentent un certain nombre
de caractéristiques originales qui sont likas
esseniisllement 3 leur structure, 2 leur comportae-
ment, et & leur méthode de fabrication.

A- Caract@ristiques lifes 2 la forme des fibres

Les fibre métalliquas qui conetituent le
foutre sont tout 3 fait diffSrentues des fibras
obtenuas par vole mcanique A partir d'alliages
définin. Elles sont tubulaires et peu vrilldaes.
Cette mworphologics particulldra conduit & une re-
marquable homogénéité des feutres et 3 une bonne
résistance an traction fig.l.

Fig. 1 = Structure d'un Rutre de nicke! 100C 15 mettant en dvidence le
coractire tubulsire ces fibres,

De plus, la compaction du feutrs, grice i
cattea caractéristique peut se faire de fagon tris
homogdne dans toute 1'Spaisseur, et daus de tris
largee limitas de densitd, puisqu'il sst pomsible
de passer d'uae porosité de 5%, @ une porosité
de 40%, an conservant une excellente homogéndité.

Les fibras utilioe dans les feutres OHP ont
une troleidme cavactéristiqua qui eet trds imwpor-
tant : leur finesse. Leur diasdtre est cumpris
entre 5 at 30 microns, st leur forme tubulaire
wénage une porasité feroée dans le produit Final.

Catte association da fibra fine et de porosi-
té fermbe confire des caractéristiques d'étanchéi-
t& aux ges trds supdrieuras 3 celles des watériaux
poraux d'autre origine,

Les essais comparatifs mands dans ce domsine
ont fait apparaltre 1

. uite Equivalence d'Stanchéitd entre un feutve
OHP A HE€X da porosité,




» un feutre & fibres mdceniques A 78% de porosité,
« un fritté poreux & moins de 50X de porosité.

Cette propriété des feutras OHP est extrime-
went importante dans l'utilisation de ces maté-
riaux pour la réalisstion de joints de labyrinthe
ou de joints de compresseur. Elle permet d'utili-
sar le feutre dans une trds large fourchette de
compactage. On mesurera plus loin 1'incidence
important de cette facilité sur les opérations
de ralisation de joints de turbomachinas.

Tableau récapitulatif

Symbole C Syabole V

Ll:yrol.yu et~ Fibres carbone 1

I

[MStallisation ——a Fibres de Nickel]

1 |

[ Sédimentation ]

l

[Décarburation frittage ———e Fautres |

100 ¢ ISl IOOVSI

—
IChroniution contrdlée J

muuimtion contr&lée—l

[toocis] [ezoc1s] [szovs] [e22vs]  [Foavs)

0-400°C 0-700°C 60O~ 700- 900~
800°C  1000°C $100%C

Nota ! Les chiffres qui précddent les syubolas
indiquent les tensurs pour |0 respectives on
nickel, chrome, aluminium.

Les chiffres qui suivent les symboles sont
relifs & la finessa du diépSt Jlectrolytique (te-
neur en carbone des Eibres en vrac).

Examples !
Nature |[Diamé- Epalsseur | Composi=~
de la [tre des au paroi | tion
cellu~ |fibras Ni|CofAl
loss tubulaires

IBZ() Cl5 | coton 12 3 80|20 0

lszz vs | viscose| 30 7 60| 20|20

B ~ Caracchrigtiques lides 2 _1'adjonction  d'élé-
mants_d_spport

a) Pautras de nickalechroms

La chronisation des feutres de nickel OHP
conduit A un alliage nickel-chrome tris homoginu
A tensur «n chroms contrSlable avec précieion. Il
ot résults deux avantagus !

« une pailisura rdsistance & la corrosion notam-
went & chaud,

« und solldité accrue par suite du renforcessnt et
de L'8largissement dus points de contact entre
fibras.
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b) Feutres de nickel-aluminium ou de nickel-chro-
me~aluminium

L'sluminisation des feutres, pour §tre effi-
cace, doit correspondie 2 upe teneur eu aluminium
relativemant &levée qui enlidve au matériaux pra-
tiquement toute ductilit&. On voit dont 1'intérst
d'une aluminisation réalisfe aprés mise en place
d'un feutre chromisé ou non, par exemple, apris
brasage, puisque le feutre Stant d&ji positionné,
on ne lui deuands plus par la suite d'@tre ductile
oais, par contre, on souhaite qu'il ait une résis-
tance 3 l'oxydation et 3 la corrosion tout en
conservant. une bonne abradabilité.

Les feutres OHP aluminisés présentent sous
cet angle des caractéristiques tout 2 fait excep-
tionnellas, puisqu'ils psuvent résister i des
températures jusqu'a 1100°C, en maintenant une bou-
ne tenue i 1'#rosion et des caractéristiques
d'abrabilité convenables.

C - Caractéristigues lifes i 1a withode da fabri-
cation

L'oplration de sédimentation des feutres de
nickel qui est effectule dans un tambour tournant
i grande vitesse, assure une homogénéitd parfaite
du feutre OHP. Les fibres mises en suspansion dans
un disparssur sont distribudes danc un volume
d'eau relativesent important & 1'intérieur du dis-
positlf centrifugeur. Cet appareil laisse une gran-
de latitude dans le choix des épaisseurs qui peu-
vent aller de 0,4 & 10 um.

Le procédé de fabrication se préte, lors de
ces différentes squences principales, i das opé-
rateurs de contrSle qui permettent de garantir la
fiabilité et la reproductibilité du produit final.

4) ContxSle des fibres an vrac

Le rapport massigue carbone/nickel est masurd
systématiquemant avant la vidange du tonneau d'§-
lectrolyse.

b) ContrSie du frittage et de l'élimination du
carbone

Lo taux d'insoluble dans 1'acide chlorhydrique
doit &tre négligeable.

¢) Contrdle de l'adjonction d'&léments d'aspport

Aprds chromisation ou aluminisation les gaine
de poids témoignent des concentrations atteintes.

Les feutres OHP préssntent enfin une conduc~
tibilité thermique extr3mement basse. 8i 1'on
compare d dpaisseur &gale la conductibilicé ther-
mique d'un foutre OHP nickel/chrome/aluminium st
d'une structure nid d'abeille dans laquells on
a fait un resplissage appropris, le rapport ast
de 1 2 30 unviron. Cette cazactéristique ast tout
4 falt espentiselle puisqu'elle a pour effet de
weintenir A un niveau de tempirature beaucoup
plue bus, 1'annesu gupport des joints de turbines
réalinés grice aux feutyos OHP,

Cet: avantage n'est pas cbtenu au détriment
des propriétés whcaniques qui sont au moins &qui~
valents A calles des matériaux fibreux 4'autres
origines notssment en ca qui concerne les résis~
tances & 1'abrasiomaet su choc thermiquae,
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IXI. APPLICATION DES FEUTRES OHP A LA REALISATION
DE JOINTS D'ETANCHEITE DR TURBOMACHINES

La réalisation d'un joint de turbomachine, i
partir de matdriaux frittés ou projetés, se heur-
te 3 une difficulté majeure quli est cella de la
fixation de ces matériaux sur la surface ds l'an-
neau & dquiper.

Les méthodes de projection doivent @tre mises
en muvre avec un réglage trds fin de tous les
paramétres, car 1'adhérence sur ls substrat et la
qualité mime dans la masse du produit projetd
peuvent 3tre modifises da fagon irréversible par
un légar glissemant de 1'un des paramdtres de
1'opération. Cat inconvénient eat profondémsent
resaentl par las utilisateurs qui ne pauvent
suffinamment 8'assurer d'un contrdle de qualité
indiscutable.

Les produits frittés posent le problime de
1'adhérence sur le substrac, l'asyemblaga ne pou-
vant pratiquement se faire que par brasage. Ce
brasage est une opération & température relative-
mant &levée et, en raison de lu nature du wmaté-
riau que 1'on doit fixer las problémes de propre-
t& ot d'accostage sont particulidrement diffici-
les 1 riésoudre.

Dans le dévaloppament des feutres OHP, ce
probladma a fait 1fobjet d'une attention particu=
lidre

1) Ciment métallocéramique OHC 732

Dans une turbine i gaz les procédés classi~
ques de collage sont le plus souvent disqualifids
4 cause du niveau de température, Cepandant, le
produit OHC 732 de nature totalement inorganique
permet d'atteindre des tempérsutres de service de
500°C. Il se présente sous forme d'un liquide viw-
queux qui aprds cuisson ¥ 340°C se transforme en
un ciment usinablae, abradablie, trads adhérent. Il
est insensible 2 1l'eau, au kérosdne, aux huiles
winfrales ou hydrauliques.

Son utilisation pour le scellsment des feu-
tres OHP Gvite le brasage, opération délicate et
coGteuse, pour tous les joints situés dans lae
zonea & bause ou moyenne tempdratura,

De plus, le ciment OHC732 ast soluble dans
la soude caustigue et, de ce fait, la répsration
das pidces sur lesqualles le feutre OHP a été
scellé est alsée puisque, par dissolution du ci~
mant, il ast possible sans usinage d'éliminer la
Feutre. Les carsctéristiques générales du ciment
OHC 732 sont rassemblées ci-aprie.

~ CARACTRRISTIQUES DU CIMENT GHC 732

+ Caractéristiques thermigues

= stabilit¥ theraique jusqu'd 650°C

~ coefticiit de dilatation : 7,2 & 10,1 x 1076

~ conductibiiit$ thermique : 1.34 x 1074 Keal/
cul/wec/ Clom

- tenue su choc thermique : trempe A 1'eau 3
partir de 550°C sans #&caillage.

. Caractéristiques physiques

La courbe ci~spréds reprisante la force
d'adhrence en fonction des tempiératures d'utili-
sation., (fig.2).

250 500 780,C
2000 2
h B8/ daN/mm “NPJ
1500 110
+1000
0,5+8
500

200 400 600 600 1000 1200 10O *F

Fig. 2 - Rulation entre |a température et 'sdhdrence sur un métal du
c/ment OHC 752,

. résistance chimique :

- expositlion en brouillard salin i 52
1000 heures : pas d'apparition de rouillae

- acide faibla : excellents tenua
~ acide fort ! mauvaise tenue
~ goude caustiqua ¢t dismolution raplde
~ kérosinoe et huile : sans effat
~ golvant organique i sane effut
2) Brasage

Pour 1'utilisation des feutres 3 teapérature
suphrieure A 500°C, il set nécesssire de risliser
une opdration de brasage. Le substrat Etant un
suparalliage réfractaire contenant du chroms et
de 1'amuminium, métaux trds oxydables, la problé-
ma du mouillage se pose avac acuitk, Pour le ré-
soudre une atwosphlire hydroginfa fluorée wmise au
point & 1'ONERA & $té retenue. Elle repose sur
1'équilibre FoCr + Hy ==y Cr + 2FH. Un excia de

chroma maintlant constante le concentration en
acide fluorhydrique., Ce composé facilite la r&duc-
tion d'oxydes particulidrement refractaires notam-
went, le Cr203. L'utilisation de cette atwosphire
proveque une désoxydation parfaite des fautres

at du substrat sur lesyuals on désire fuire le
brasage, et ce, dans un temps relativemant court.
Un deuxidwme problime, calui de 1'sccostage du
feutre est Sgalement trds délicat, car 3 la tes
pérature de brasage, la plasticicé du feutre est
trée grande et il est nécessaire de pouveir
contrBler de fagon trds précise la pression que
1'on applique sur le feutrs, si l'on veut #viter
de 1'écraser. Nous avons surmonté catte difficul-
té en utilisant une techuique de dilatation dif~
férentielle, en maintansnt le feutre sacré sur
1'annesy ou 1'on veut 1la fixer grice A des prasses
en graphite oyuipées d'une via de serrage ¢n inox
dont la longusur libre détermine 1'Scrasement
d'accostage admis pour le feutre, (fig.d). Lu
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maitrise de la répartition des brasures est assu-
rée grice & l'utilisation d'adhésifs spéciaux qui
sont constitués d'un liant organique éliminnble
comportant une charge bien dispersfe de brasure
en poudre.

Flg. 3 — Dispositit d'sccostape par dilstation ditférentielle graphite-inox
d’un feutre nickel<chrome sur un anmnesu avant brasage,

3) Réalisation des joints ~ choilx du feutra
et de la méthode de mise en place.

Fig. 4 — Pidces de lsbyrinthes d'une turbomachine de paiite pulsss ice dont

Lune comporte 3 plstes, la plus patite ay'ent 30 mn de Jlsmétre.

Les joints qui sont susceptibles d'dtre réu-
lisés gréce 3 1'utilisatfion des Ffeutres OHP sont
les joints de labyrinthes da compresse.rs, les
jointe de labyrinthes de turbines (fig.4), lea
joints de veines de compresseurs at joints de
veings de turbines. La méthode d'utilisation des
feutres OHP dans ces divers cas différe de fagon
essentielle an fonction des niveaux de tempéra-
tura oll les joints ront situés. Om peut & priori
donner la ridgle suivante :

. de }'ambiante & 500°C : utilisation des foutras
820C15, scellés au ciment OHC 732. (2) (fig.5).

. de 500°C b 750°C : utilisation dey feutres 820
C1l5 brasés.

. tewpératura de 750 2 850°C : utiliwation des
feutres B820V5 brasés (3).

. température supérieura a 800°C 3 utilisatiun
d'un feutra 820015 ou 820V5 brasé et traitement
d'slusinisation de 1'cpsemble dr la pidce apris
brasage. (4).

Fig. 5 ~ Mise en place par scellemment de foints sur des carters de compresseur
d'une turbine & gur industrislie et sur des Isbyrinthes d'une turbomachine de
petite puissance.

4) Formage et uminage

La grande compactibllitd des Eeutres 820C15
permet de les utiliger dang un trds large éven-
tail de porogité, En cons&quence, l'usinage du
type classique par enldvemsnt de m~tidras peut
Gtre efficucement remplacd par un simple cowpacta—
ge du feutre. Il peut @tre rdalisé& soit 2 la
molette, soit avec un outii A bout rond, (fig.6).
Le roulage est aisément pratiquable et autorise
des rayons de courbure remsrquablement faibles
pour un matériau aussi poreux. (diamdtre } 10 x
épaisseur).

Fig. 8 — Anrmaux de corters de compresssur (diamdtre 800 nwn) munls de
Meurs joirits 6 dtanchéité entid Ing

eIt tenr L

En ce qui concerne les feutree aluminieés,
leur usinage ne pose sucur probléme particulier,
mais il faut signaler que pour certains cas d'ap-
plication, la mise en forma paut @tre réaligde
pir compactaga au niveau du fautre avant l'opére~
tion d'aluminisation.

IV -~ QONCLUSION

Les feutres métalliques ONERA 2 structurs
fine et haute porosité se sont révElés particulid-—
rament bien adaptés i la foaction de joints
d'étanchéité des turbomachinag.

Leur sxtriéne plasticitf initiale facilite
considérablement 1'acquisition de la porosité
optimale, conjointesent avec 1'opération Jde mise
en forms, tout un sauvegardant l'indispensable
howogénsits.
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Le caractdre tubulaire des fibres at la for-
te porosité rendent les feutres an nickal remar~
quablement aptes & la trsuasformation en feutrs
d'allisges résistant & la corrosion juequ'i
1050°C, au moyen des procddés de transport d'Glé-
wents d'apport par 1'intermidiaire d'une phase
gaxeuse halogiude.

Poux les joints situés dans des xones i tem~
pérature inférieure A 500°C la méthode de scelle~
ment par ciment wétallomécanique permet des Sco-
nomies considérables i cause de sa simplicics
oplratoire et du fait qu'aucum rebut des supporis
n'est A prévoir pulsqu'un joint défectueux peut
Stra ratird par dissolution dans 1la souds. Relati-
vemant au brasage, le colit global de 1'installa-
tion d'un joint d'étanchéité sur un anneau ast
rhduit de woltis.

Au~deld de 800°C 1'utilisation d'un feutre
contenant une teneur important en aliminium est
obligatoire. La fragilit& qui en est la conséquen-
ce poss de redoutables probldmes de mise en forma,
Avec la procédé qui fait l'objet de caette commu-
nication, on paut s'affranchir de catte sujétion
en effectuant le formage et le brasage sur un fau-
tre de nickel-chrome qui reste souple, puis en
procédant A l'aluminisation en phase guzeusz de
1'eusemble annesu-joint.

Eu ce qui concerne 1'état de développement
de ces techniques, il faut distinguer deux caté-
gories @

«les joints i basse et moyenne templrature qui
sunt parvenus au stade opérationnel en &quipant
des turbomachines effectiviment en service.

- les joint da turbines chaudes (850 i 1050°)
qui, sprds avoir satisfait aux tests de simula-
tion, sont actuelisment A 1'§preuve des bancs
d'essais.
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DISCUSSION

AR, Stetson, US

You mentioned that the fine size is an advantage. What is the wall thickness of the feit you are talking about?

Don't you think this could be a problem with its oxidation and high temperature resistance by decreasing the wall
thickness and increasing the total surface area?

Réponse d’auteur

La structure fine des feutres nous parait présenter un avantage sur le plan de leur ductilité et de leur efficacité en

tant que joints, Les épaisseurs de paroi que nous avons retenues en fabrication sont comprises entre 2 et 8 microns
en fonction de la nature dos fibres de départ.

Il est évident que ceci peut présenter un inconvénient pour les problémes de tenue & I'oxydation, mais nous avons
pallié 4 ce probléme en réalisant pour les applications & haute température par aluminisation aprés brasage, un
alliage Nickel-Chrome-Aluminium trés riche en Aluminium et sn Chrome, ce qui compense trés largement les
problémes créés par Ia faible épaisseur des parois des fibres.

Notre matériau 622 C 8 par exemple, présente des caractéristiques de tenue 4 'oxydation tout a fait remarquables
jusqu'*a 1050°C.

P.Suter, Switzerlend

You emphasized the importance of decarbonisstion. Would there not be some applications where the carbon could
be left within the structure?

Réponse d’suteur
La décarburation des fibres de Nicke! dans 1'état actuel de notre technique doit dtre compléte si I'on veut pouvoir

réaliser un frittage convenable du feutre. Les essais de décarburation partielle ont montré que le produit obtenu
restait inutilisable du fait d'une trop grande friabilité,

D.C.Whitlock, UK
Would the author comment on to what thickness this felt can be produced?

Réponse d'suteur

Actuellemont, nous produisons couramment des feutres dont I'épaisseur, pour une densité de I'ordre de 20%, peut
varier entre 0,4 min et 8 mm. Il n'y a pas de limitation théorique aux dpaisseurs qui peuvent étre réglisées. Sur un
plan pratique, les éguipements de (abrication ont été adaptés 4 cette gammo d'épaisseur.

AM.Campling, UK
Has the seal material buen proved in service and if so by whom, for how long and in what envircnment?

Répronse d'suteur

Les feutres OHP ont été développés récemmant et équipent un certain nombre de turbines aéronautiques et
industrielles depuis deux ans environ, Pour les applications labyrinthes et pour des températures allant jusqu'i

650 a 700°, notre expérience sur turbine industrielle s’uppuie sur des périodes de fonctionnement sur une méme
machine qui dépasse 4 I'heure actuelle 1500 h.

Sur des turbines aéronautiques, nous avony réalisé environ 800 a 1000 joints de labyrinthes. Nous ne connaissons
pas de facon précise les temps de fonctionnement unitaires, mais notre expérience globale cosrespond d plus de
10.000 heures de fonctionnement sur des machines différentes.

En ce qui concerne les feutres 622 Nicke! -Chrome-Aluminium ils sont & 'heure actuelle en essai sur des machines
de turbines aéronsutiques,
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AMERICAN AIRLINES' OPERATIONAL AND MAINTENANCE
EXPERIENCE WITH AERODYNAMIC SEALS AND
OIL SEALS IN TURBOFAN ENGINES

C. R, Smith
Manager Power Plant Engineering
American Airlines, Inc,
P.0. Box 51009
Tulsa, Oklahoma 74151
USBA

SUMMARY

User experience with aercdynamic and oll system seal designs utilized in current
commercial turbofan engines related to operational performance, seal reliability,
seal repair techniques, and seal maintainability cost,

A general insight of gas path deterioration resulting from sealing problems and
effects of associated hardware problems upon seal performance. A broad assessment of
this deterioration is reflected in fuel consumption, maintenance requirements {engine
management), and the impact upon airline operation, including operating costs.

LIST OF SYMBOLS

AVG. Average

E.B. Eiectron Beam (welding)
ENG. Engine(s)

FLT. Plight

HR. Hour

HRS. Hours

I.D. Inside Diameter

M Million(ms) (U8 Dollars)
mm Nillimeter

0.D. Qutside Diameter

US or USA United States of America
- § US Dollars

L} Percent

¢ Cent; 1/100th of a US Doilar

INTRODUCTION

With the introduction of the firat airplane, sealing of gares and liquids has
been a mrajor problem. Sealing is classified as a problem when leakage exceeds
acceptable design limits, induces hazardous conditions, uncontrollable flow and/or
unsightly appearance, These conditions can result in excessive maintenance expense,

Advancing seal technology and ingenuity have resulted in milestone achievements
by alrcraft, engine, component and systems manufacturers, However, with each suc-
ceading generation of aircraft, increasing demands develop, and the demigners
ingenuity is continually challenged.

Purther advancement in seal technology is a must if the manufacturers are tn
provide an end product with which the user can sell transportation at a minimum price
with a reasonable return on his investment. 1In the case of the airline industry,
product support investment is sizable, with fuel consumption cost being the largest
contributor to direct operating costs.

In order to meet incraasing competition, in spite of lower fures, such factors
as cn~time dependability, pamsenger comfort, etc., airline management must be inno-
vative in devaloping new sophisticated performance analyses and maintenance programs.
These programs muct encompass such factors as efficient use of resources, improved
dependability, reduced fuel consumption, hardware repsir and performance restoration,
etc,, without sacrificing safety or reliability.

Design philosophies must be developed with a focus upon the end-use of the pro-
duct and the needs of the user, The ultimate success of research development and
deasign efforts is measured by in-aervice results. To the user, proper design is
reflected in seal reliability and durability over extended time periods, repairabil-
ity and low cost.

Parforsance of seals in turbofan engines can be categorized in tecrms of: a)
Reliability - the ability to smaintain the sealing efficiency for which the soal was
designed under all operating conditions for extended time periods; b) Durability -
the ability ot the seal to function without mechanical failure of its detailed parts
betveen shop visits) and ¢) Repairability « the ability to carry out simple and
economical repairs of those seul components which are subject to wear and tear.




FPailures within these categories may be due to basic design problems, or second-
ary failures resulting from associated hardware environmantal conditions or, in msany
casas, a combination of these factors. 1It, therefore, becomes most important to sake i
an accurate determination, through failure analysis, of the initial primary cause of
failure. Deasign changes are often necessary to correct these failures which are J
considered seal design deficiencies; also, changes must be made to associated hard- R
ware if, in fact, this hardware produces the actual failure. In many cases, seal b
t redesign can compensate for related problems and vice versa,

g T A e

In aummary, it is very apparent that feedback communications from the user to :
the designer are vital in obtaining adequate product improvement design changes. :
Additionally, design intelligence must be shared with the user in support of accurate
seal parformance deterioration and failure analysis,

n All cost figures in this report are based on a 1977 US Dollar value and a fuel
cost of 9.24¢ per liter (.35¢ per US Gallon).

PURPOSE

; The purpose of this paper is to provide Designers and Remearch and Devslopment
Englneers with user sxperience regarding reliability, perforsance deterioration and
its economic impact. It is this experience that vividly reveals that seals are a
significant problem area in today's turbofan engines. Seals must be given the
highest priority in future engine designs to reduce user maintenance cost, minimize
facility capacity reguirements and reduce fuel burn. '

i DISCUSSION
Performance Deterioration

Gas path seal deterioration, &s used in this text, is a result of normal seal !
erosion, wear, thermal sxpansion and distortion, while the engine is operational and
produces the specified thrust. Normal gas path seal deterioration is reflected in i
loas of overall efficiencias (incresse in fuel tlow and exhaust gas temperature)

: as well am gas gensrator mismatch. Increassd fuel consumpifon due to loss of seal :
A i efficiencies has not baen an area of great concern in the paat. However, with the i
)| ; decreane of fossil fuel reserves and continuing fuel cost escalstion, this area is
( ‘ :ow given special attention which will certainly not diminish in the foreseeable
uture, i

Pigure 1 shows that an average fuel flow deterioration of around 4% is normal
for a fleet of engines after they have been through their normal refurbishment |
cycles, The percent of deterioration will vary with the average mean time betwesn '
refurbishment which is determined by the maintenance program and its effectiveness,

Obviously, the cost to maintain a low mean time betwaen refurbishment of seals to )
control fuel conmumption is prohibitlve and will be discussed later. On a twalve

aircraft high bypass engine airplane fleet, a 4% deterioration equates to an excess

fuel burn costing 1.2 million US Dollars per year,

Figure 1 alwo gives an expmple of one aerodynamic seal deterioration effect.
If, on all of the four engines of this aircraft fleet, the first stage turbine blade
tip clearance were increased by .254 mm, the resultant excess fuel usage of .6% would
cost an additional 200,000 US Dollars por year.
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FIGURE 1: This graph depicts an example of performance deterioration
after normal refurbishment efforts for a fleet of aircraft using large
commercial high bypass flow eigines. The dotted line shows the
theoretical degradation if the first stage turbine radial tip seal ware
increased by .254 mm on all engines.

Nismatch of the gas gensrator due to gas seal deterioration is a costly
maintensnce, as well as fuel consumption, problem. Accumulation of operating hours
and duty cycles varies between engine modules resulting in one section of an engine
deteriorating wmore rapidly than another, causing a speed match chanye.




In many instances (through lack of knowledge), the maintenance program does not
alvays provide for restoration to preclude this condition, Mismatch conditions may
cause recoverable compressor stalls which usually occur during high altitude
deceleration and acceleration operation., Shop. Maintenance is required to correct
these conditions. Figure 2 depicts this problem on a high bypass ratio engine. Also,
the cost impact on a fleet baamis is shown. Without preventative maintenance action,
this condition can develop on a large scale aes deterioration of individual seals
cannot be monitored. Malntenance programs must be established based on hardware
analysis at various operating times., Again, this is not an easy task due to a
combination of conditions and interrelated effects. More development testing by the
manufacturer and maintenance intelligeance by the user is needed in order to
effactively manage and improve the engine.
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FIGURE 2: Inflight shutdown rate due to
compreasor stalls and mnaterial cost history
of a domestic wide body aixcoraft Zleet using
high dypass ratioc fan engines.

Performance retention and thrust specific fuel consumption has bucome major
concerns with current engine operations and with new engine design. The magnitude of
concern is such that currently the user is demanding from the manufacturer a
performance guarantee for a specific operating period, in terms of hours or cycles,

prior to a Shop Maintenance visit); also, a maximum cost guarantee in terms of labor
and materials,

Deterioration of labyrinth oil seals due to clearance changes,
oll consumption problems, requiring premature engine removals, but
secondary effect of loss in gensral pirformange and increased fuel
Increase in labyrinth seal clearances occur primarily from rubbing
permitting high breather pressure within the oil scavenge system.
consunption problems due to high breather, usually are a result of

not only produces
also has a
consumption,

with mating parts
However, most oil
a change in

balance pressure across labyrinth seals due to uncontrolled air leakage at various
supply sources.

Nechanical Failures

Aesrodynamic an@ oil real failures ocour at various operating hours for a variety
of reasons, Air seal failures in the hot section area occur due to thermal gradients
within the part which usually results in cyclic stressea. Suck an example is shown
in Pigure 3. This sketch shows an example where cracking in a labyrinth seal area
occours because of tharmal gradient effects resulting from the seal croms-sectional
thickness differences. 1In this case, the seal has a life limit restricting engine
operating time and a redesign is pending.

One of the major air scal problems in turbofan engines is portrayed in Pigure 4.
Thias sketch depicts an abradable seal application, The cross-sectional sketch on the
right shows a typical axisl and radial wesr or “wiping® pattern which occurs on a
large turbofan engine. The wear or "wiping® action results from differential thermal
expansion and contraction of various engine componsnts whensver the engine goes
through its vorious power excursions, such as transient operation and takeoff power
application. Seal interference rubbing also occurs during high saneuver loads,
coupled with rotor dynamics, This condition is agygravated by excessive rotor
alignment runout and high vibration levels.
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| . CRACKED AREA '

”$ FIGURE 3: This sketch shows cracking that occurred in a '
| . second stage turbine rotating air seal from a large bypass
|
i
|

engine. The cracking was caused by cyclic thermal gradient
utresses,

In severe cases of part out-of-round conditions, or other abnormal c¢onditions, sta-

) . tionary part to rotating part interference could lead to metal burning and subsequent
4 . fallure, as in the case of high pressure turbine blades,

3 It becomes obvious that practically all saal failures are a direct result of
| elther: a) thermal gradient fatigue problems with the seal and its associatad
[ , hardware, or b) axial and radial thermal expanaion during maximum power excursions,
i .

WEAR OF
HONEYCOMB

STATIONARY

2.

BEFORE AFTER '
SEAL 1S RUN SEAL IS RUN

3 s FIGURE 41 This sketch shows typical abradable seal axial and radisl
¥ i wear. This iwx an interstuge compressoxr seal from a large bypase sngine. )
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Failure of carbon element o0il seals develop primarily from excessive environ-
mental and frictional temperatures. Excessive seal element and face plate wear
occurs with subsequent leakage and, in some cases, element breakage, In areas having
inadequate cooling, oil coking can occur causing leakage as depicted in Figure 5,

FACE OF SE\AL PLATE  SEAL PLATE

VIEW A NUMBER TWO BEARING

INTERFACE COKING PROBLEM
CARBON .
ELEMENT_\‘{—\_ T.

SPRING PRESSURE =]

SEAL PLATE /SHAFT
CARBON SEAL ROTATION
{STATIONARY)
SEAL PLATE

OlL JET FOR COOLING
VIEW A (STATIONARY

@& CROSS SECTION 88
SEAL FACE

N INITIAL COKE
ELENENT 8UILD UP
COKING AREA, DEPOSITS THIS AREA ALWAYS \ S 8
\meuen THAN' SEAL FACE CLEAN /
LIFTING SEAL FROM PLATE. OlL JET
(NOW TEFLON COATED) ONE PER SEAL

FIGURE S5: This sketch depicts a carbon coking problem in the main bearing carbon
seal of a commercial turbo fan engine.

Here again, the axial and radial growth of the engine from temperature excur~
sions produces a problem of maintaining the desired face plate to element pressure.
This accelerates wear and raises the temperature of the parts, resulting in oil vapor
phase coking. Also, with resultant seal movement, "sticking" of the seal assembly
may occur, causing a complete loss of pressure and oil leakage,

Although labyrinth seals are affected less by temperature, proper design is
influenced by pressure balances to reduce bleed air losa. Labyrinth seals can allow
the oil to become contaminated with the atmosphere (moisture, sand, etc.). Compres-
sor cleaning by motorizing the engine and injecting various nonmetallic materials

and/or liquids to restore performance is undesirable, due to exposure to oil
contamination.

Figure 6 shows that seals are a major contributor to the total reliability of
the engine. A review of the last seven years of premature removals for engines and
modules illus‘rates the impact of seals in general, Three classes of problems are
illustrated: a) seal failures; b) failures where seal deficiencies contributed to
the problem; and c) on-the-wing gear box removals due to seal leakage.

Theses problems are shown for three types of turbofan engines, namely: a) early

low bypass turbofans (1959); b) medium bypass turbofans (1%65); and ¢) high bypasas
turbofans (1970).

The early low bypass turbofan history shows that almost 328 of the unscheduled

removals are related to “"seals®”. This number is 50% for the medium bypass turbofan
and 328 of the latest, large high bypass engines,
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FIGURE 6: These bar graphs depict seal problems as a perxcentage
of the total prematurs engire and module/camponant changes over
a sesven year period (1970 through 1976) .

This picture of seal development in high bypass engines looks good, but it is
deceiving. The more frequent removals of the high bypass fan engines make it possi-
ble to manage seal performance by changing, repairing and cleaning seals with a high
frequency before they deteriorate. In addition, critical seals are designed to be
easily replaceable. For inatance, all the carbon seals in the gear box of a late
high bypass fan engine are replaceable “on-the-wing"., Therefore, leakage does not
seem to be a problem, but it only seems that way because the problem is managed. Aas
the engine problems diminish, the seal problems will increase until the seal durabil~
ity bscomes the restrictive factor with time., Conslderable work needs to be done,
and is being done within the industry to understand the general engine performance
deterioration phanomena.

Seal Repair

Seal repair techniques vary from the most simple, yet innovative, to the more
complex. In one of American's turbofan engine models, the second atage turbine outer
air seal is purchased undersize and ground as required to provide the desired clear-
ance with the second stage turbine blades. The second stage turbine blade has a
shrouded tip with two knife-edge seals. With time, the knife~edges wear or rub and
erode requiring the outer air seal inside diameter to be reduced tc a further under-
size, This is inftially accomplished by metal spraying to a maximum thickness of
+500 mm. A metal spray thickness beyond this has a tendency to "flake off"™. The
blade knife-edge can be replaced but the cost is more than the purchase price of a
new outer air seal. In time, a surplus of air seals accumulates. A simple repair
was developed to reduce the inside diametev while maintaining out-of-rcund limits,
Figure 7 depicts an application of a continuous weld bead around the periphery of the
seal using an auromatic weld machine. Thie operation "shrinks” the seal, thereby
enabling salvaging of would-be oversized mecond stage turbine air seals.

Although this is a simple repair, operational testing was conducted to establish
that no adverse conditions existed., Adequate in-service testing was established to
determine a 10,000 hour or 6,000 cycle life batween repairs.

Turbine blade shroud knife-edge seal and non-shrouded tip wear raesults in
scrappage of otherwise serviceable blades (up to $40,000 per engine). Replacement of
the knife-edge seals by Electron Beam welding, as shown in Figure 8, has proven to be
a cost saving repair. wWithout this repair the annual cost of the turbine blade
scrappage would drastically increase. This repair technique is used in other areas,
such as the turbine spacer application as shown in Pigure 9.
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FIGURE 7: This figure depicts a PIGURE 8: This sketch depiots
method to shrink a tuxkine outer replacement of turbine blade
seal inside diameter to compensate shrord knife-edge aeals by
for blade shroud seal wear, Elecl.ron Beam welding.
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FIGURE 9: This sketch depicts a typical turkine
spacer knife-edgs repair by Electron Beam welding.

Figure 10 is an example of & repair to restore out-of- round of a major case,
This is accomplished by removing the flange, rounding up the case, and Electron Ream
welding on a replacement flange. This repair restores the case to a serviceable
condition. It relieves the imposed stresses upon the seal while providing more
uniform clearance batween the turbine blade and cuter air seal.

Maln bearing carbon seal assembly refurbishment (see Figure 5) consists primari-
ly of carbon element replacement, machining of the seal plate face to remove wear and
plating to restore dimentional requirements., As a means of increasing seal lifa,
various plating and metal spraying materials have been tried. Tungsten carbide coat-
ing on the seal plate has produced the best wear characteristics.
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FIGURE 10: This sketch depicts result of case out-of-roundness causing turbine
outer seal to conform to case, resulting in inadequate and exceassive seal
clearances. The left blade shows tip cub; the middle blade shows the correct
clearance; the right blade xl:ows excessive clearance.

Maintenance Operational Impact

The 1.T|ct upon user operation of air and oil seal systems is reflected by
product reliability and cost. As seen praviously in Figure 6, meals are one of the
major problem areas confronting the user, These problems produce a large volume of
ong;nel for shop maintenance, which requires an expenditure of millions of dollars
sach year,

As shown in Figure 11, air and oil seal parts cost are only 1.5% of the total
materia)l cost, and the seal repair labor costs are only 5% of the total engine labor
cost. Por a large USA airline, this cost approximates 1,5 million US Dpollaxs per
Year.

$1,480,000
$ 780,000 $700,000 MATE
A S
SEAL PARTS COST SEAL REPAIR TOTAL
T TV LABOR_COST M%uu SeAL
TOTAL ENGINE 8% OF TOTAL
MATERIAL COBT ENGINE COST

FIGURE 11: The bar graphs above show the annual ehgine
seal maintenance cost for a large US airline engine
Maintenance Base,

However, the important message of air and oil seal costs is reflected in Figure
12. It is important that air and oil seal systems be effective and reliable.
Ineffective or worn air seals can contribute up to 1.5% to the engine fuel burn. On
top of this, it inetfective enough, they can contribute to intolerable engine stalls
and speed mis-matching. In a US airline, at 1977 fuel prices, this type of seal
deterioration could amount to 5.85 million U8 Dollars.
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FIGURE 12: These bar graphs show the annual total cost impact resulting
from "seal” problems for a large US airline.

The wajor cost factor is not the seal material or seal repalr cost, but the
entry labor, expendable and related parts costs to reach the seal inside the angine.
This is graphically shown in the third column of Figure 12, This column indicates
that 6 million US dollars per year is spent for this type of "entry" for seal repair
or refurbishment work. This cost figure is even more dramatic when one realizes that
the costs of engine handling, support facilities investment, and the inventory
necessary to provide seal refurbishment to restore performance are not included,

The right-hand column of Figure 12 shows an accumulated cost figure vhich can be

viewed as the “"seal cost"™ total for an annual total cost burden of nearly 14 million
US Dollars.

Aerodynamic seal deterioration and failure are difficult problems to manage in a
commercial airline environment. No two engines deteriorate at preciszely the same
vate. Therefore, statistical predictions can only be used as a guidaline, Effective
engine management becomes almost impossible. When random and freaquent “"seal® pro-
blems occur, another problem arises: an unmanageable monthly engine volume fluctua-
tion which may exceed shop capacity.

With present day instrumentation and analysis, it is extremely difficult to
analyze a low performance engine and determine precisely which seal(s) (or support
hardware) are causing the problem unless the seal has falled structurally or exhibits
visual damage. Even with the obvious failed or damaged condition, there is& the need
of analysis of amsociated hardware and its affect upon the failure.

American Airlines operates under an engine management program which is based on
the Condition Monitored Maintenance concept., Each engine is analyzed and a specific
bill-of-work is developed. The concept requires collection and development of the
intelligence to know what maintenance the engine needs; then doing only the necessary
work to produce a product that will operate for a specified period of time within an
acceptable reliability rate at a minimum cost.

Today's economics prohibit the use of an arbitrary complete overhaul concept at
a specific operating time. Designers must realize that the user cannot remove
engines for shop maintenance at a low operating time to refurbish multiple seal
detsrioration. American's shop capacity for complete overhaul of high bypass ratio
engines jz roughly estimated at 40 per month. Today's volume is 70 to 80 snginea per
month of light and heavy repairs., If engines operating in Anerican's fleet were
arbitrarily brought in for refurbishment at intervals of 2000 operating hours, the
shop volume would increace to 150 to 160 engines per month. Tharefore, it must be
recognized that newly developed engines must operate 8000 to 10,000 hours within an
acceptable failure rate and psrformance level. ’

CONCLUSIONS

With the continuing increase in fuel, material, and labor costs; the need and
economic justification exists to warrant a high priority on engine design for
performance efficiency with a low deterioration rate,

Two basic areas having & major effect upon the loss of seal clearances are: 1)
thermal gradiant fatigue problems and, 2) thermal expansion and contvaction of the
enyine assembly with maximum thrust applications. These problems wust bs considersd
during initial design. Extensive gains must be made in these areas if tlie operating
expense of the final product is to be maintsined at a reasonable level, and provide
for a reasonable return on usec investment,

Further development is needed to provide a method and means of monitoring and
identifying specific seal problems during operation. This will provide for more
effective use of rusources. Expending resources on an arbitrarily established
overhaul program cannot be tolerated in the futuvre.
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DISCUSSION

R.A Hartley, UK
Support for the speakers view on seal performance (that is that deterioration is too rapid) is that it is worse on
military engines due to more thrust cycles. Abradable seals are not good enough and adjustable seals may be
required to maintain the engine performance now being aimed at.

Author’s Reply
Mr Hartley seems to have caught the gist of my paper in this comment. With fuel economy and reliability in mind,
the aerodynamic sealing of current engines leaves much to be desired. The problein of designing and developing
seals which will Reccommodate thermal cycle changes and, thereby, maintain high efficiency levels both during
takeoff and cruise régimes, needs to be dealt with in future engine designs.

H.L.Stocker, US
How does American Airlines clean their enginesan  vould you attribute this process to accelerating the seal
erosion problem?

Author’s Reply
1 interpret Mr Stocker’s question regarding *‘cleaning of engines” to refer to “‘compressor wash or equivalent” of
the entire engine while it is in its assembled state, and not cleaning of the individual aerodynamic and oil seal parts
in their disassembled or in-repair state.

Most models of engines when compressor blades and vanes are suspected of being dirty can be cleaned t- some
degree by what is gencrally known as *“water washing”. The washing is generally preceded by soaking the
compressor area with a kerosine and water mix. All “washings” are performed in the test cell. To be more
specific, the following is a rundown on what American does on each of its four (4) engine models when a
compressor cleaning is made:

P&W JT3D (Boeing 707 Aircraft Engine)

Soak the compressor section of the engine with a kerogine/water mix for 20 minutes. Rinse with water. Then run
the engine at idle, ingesting 3 sacks of Carboblast (walnut shells). (This can be done since the engine has carbon
rubbing oil seals in lieu of labyrinth seals.)

P&W JT8D (Boeing Aircraft Engine)
Soak the compressor section with kerosine/water mix for about 20 minutes. Then rinse wiil; water. (This engins

cannot be Carboblasted since it has labyrinth oil seals and the Carboblast material would contaninate the oil system.)

P&W JT9D (Boeing 747 Aircraft Engine)
This engine is water soaked only. Then the water is forced through the engine by belting it on the starter.

GE CF6 (McDonnell Douglas Aircraft Engine)
Water soak. Then ingest Cokeblast (carbon particles) while running the engine at idle,

We clean the compressors of the assembled engines in this manner only in the test cell, never on the airplane.

The degree of cieanliness obtained varies between engines. It is not definitely known how long the average
performance increment improvement amounts to on any engine types,

The latter part of your question asks: *... and would you attribute this process to accelerating the seal erosion
problem?"'.

As can be seen from the above descriptions, each engine has its own tailored cleaning method approved by the
engine manufacturer. It is difficult to visualize seal erosion deterioration from a liquid soak and wash. On the
engines where solids are ingested, the ingestants are of such a texture and composition that it is again difficult to
visualize their causing a significant seal erosion. In reality, only the N1 compressor rotor seems to be cleaned.
Cleaning of the N2 compressor stages scems to be minimal.

A.Moore, UK
Could you please tell me what proportion of the seal deterioration (with time) is due to erosion?

If the effect of erosion on seal performance is significant, would it not be better to use a harder coating and reduce
the erosion and start with a larger clearance? This would, in theory, give a worse performance when the engine is
new, but a better performance with an old engine,
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Author’s Reply
In view of the fact that on the newly developed engines, the state-of-art of metallurgical technology is being pushed
in order to cbtain high component efficiencies, saleable thrust, specific fuel consumption and exhaust gas tempera- ‘
ture margins, the suggested approach appears to run cross-grain to the metallurgical technology push. . j

Typically, when the engine manufacturer first introduces an engine, he is intent on meeting his performance
guarantees with seomingly little regard to putting extra “‘fat’ into the engine to withstand large seal clearance
with long life. Your point is a good one, but this has not been the practice in the past. Seemingly little thought
is given to making the acrodynamic seals last a long time, especially in the hot gas scrubbed arcas.

This again brings up the point that a good design approach appears to be to provide an engine design which provides
a controlled clearance for the takeoff régime, then another controlled clearance for the cruise régime. Clearance
control and long seal life should both be primary objectives.

R.Kervistin, France
Is there a relationship beiween the labyrinth seal clearance on a newly manufactured engine and cne +Hat hes 5
operated 10,000—12,000 hours? !

Author'’s Reply
By all means, there are labyrinth seal clearance changes between a newly manufactured engin= and one that hus
10,000-- 12,000 hours, especially in those arcas scrubbed by hot gases. The changes occur from eruvsion and in
some cases rubbing, both of which result in performance losses, :

American Airlines’ experience shows that the seal deterioraticn over the long haul is lower on multi-land labyrinth
seals than on rub type seals,

It is generally recognised that the rub type abradable seals are more efficient than the labyrinth type on a new
engine, However, experience indicates that this efficiency advantage is usually short-lived, We have noted that a
large efficiency l0ss occurs on a big bypass engine even after making only several power excursions in the test cell,

|
|
i
i | Again, this points to the need of the next generation of engines to have two different scal clearance levels — one {
for takeoff and one for cruise. |
|
|
{




OIL. SEALING OF AERO ENGINE BEARING COMPARTMENTS

D C WHITLOCK
Technical Design Group
Rolls-Royce Limited
PO Box 31
Derby DE2 8BJ, U K

SUMMARY

The basic problem of oil sealing of aero engine bearing compartments is to provide a
seal between rotating and static components, or between rotating components, accommo-
dating axial movements and possible radial excursions (such as shaft whirling). The
sealing arrangements must also conform to modular concepts of engine construction.

Such seals incur penalties on the oil system such as heat generation, air leakage and
debris generation. This paper considers means of reducing these penalties and improving
sealing integrity by developments of existing techniques,

1.0 INTRODUCTION

The purpose of oil sealing within the core engine. whilut it is necessary to main-
tain a low oil consumption, is primarily to prevent contamination of the engine with
oil, Internal oil leakage would give rise to the probabilities of a combination of
any of the following: cabin air contamination, internal fires either short term or
long term due to an accumulation of carbon, performance loss due to dirtiness of
aerodynamic parts, or engine vibration due to oil accumulation in rotating parts.

There are basically three philosophies applied to engine bearing compartment sealing
all of which involve, to varying degrees, maintaining the bearing compartment at a
lower pressure than its surroundings thus inducing an inward airflow to prevent an
outward oil leak.

(a) There is the use of 'contacting' seals (carbon face seals) which have very low
air leakage rates for high seal pressure differences. These normally need to
operats with high pressure differences across them in order to ensure that thay
will still function satisfactorily at low engine idle speeds. This may mean
that the bearing compartment needs to be vented directly to the external gear-
box which may in turn give oil scavenging problems at high altitude due to
scavenge pump cavitation,

Further disadvantages are their complexity and its effect upon allowing a
simple build/strip design concept, The seals have a reiatively high heat
genaration and require cooling and lubrication oil flow. Incerghaft seals
present further problems.

(b) A freely vented clearance seal system (such as labyrinth seals) can be adopted
allowing high seal pressure drops and hence high airflows into the bearing
compartment for effective oil sealing, Tha high airflows howaver can contri-
bute significantly to heat to oil in high temperature regions and give oil
saparation problems when the air is eventually vented overboard,

(c) In practice verv low seal pressure ratios, less than 1.0l, can be effective in
preventing oil leakage, provided careful design of the oily side of the seal
prevents oil ewamping. Thus, by ensuring that all seals at any one compart-
ment are pressurised from the sams source of cooling air and that there is
minimal pressurs variation from seal to seal, a restricted vent can be used
controlling the bearing compartment to a pressure just below that of the
surrounding cooling air, Such a system, by miniuising the airflow into a
bearing chamber, aids the oil separation function and reduces the heat input
to the oil. The system is dependent upon the control of the bearings com-
partment surround air pressure and the effects of waar on se&l clearance,

in summary the first system has high sealing integrity at the expense of high
mechanical complaxity. The second also has high sealing integrity but has poten-
tial oil temperature and oil separation hazards. The third system requires careful
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2.0

system design to ensure adequate sealing integrity but minimises the heat to oll and
oil separaticn problems.

It is pursuit of the third system that is considered in this paper.

RESTRICTED VENT BALANCED PRESSURE SEALING SYSTEM

Presgsure Balancing

Fiw. 1 represents the simplest compartment to seal, the single seal, single shaft,
end compartment. it is this type of compartment that indicates that adequate
sealing 1ls obtained with low seal pressure ratio. Successful oil sealing has been
achieved with a seal pressure ratio as low as 1.0005 induced by the excess capacity
of the oil scavenge pump. This represents a seal air flow less than 0.001% of the
core engine flow,

Fig. 2 is more typical of the factors influencing cocoling alr system pressures in
the viciuity of a bearing compartment. Although each oll seal is pressurised from
the same c¢ooling air system, the pressure variation from front to rear of the com-
partment (p_ to p ) is subject to pressure losses through the bearing support struc-
ture and to vortices induced by shaft and disc rotation. The seal pressure
difference will be subject to variation in cooling airflow which may be calculable
but the vortex strength is less predictable.

The vent flow must be sufficient to ensure that the compartment pressure, p,, gives
a pressure drop into the compartment across the rear seal, The pressure drop
across the front seal will of course be greater than the optimum for adequate
sealing.

By the simple expedient of providing an additional seal and a suitable pressure
balance passage, as shown in Fig. 3, the effects of the vortex and cooling air flow
variation are virtually eliminated. The balauce pagsage flow areas are now the
main influence on the pressure variation across the compartment and need only be of
the order of ten times the balance seal flow area to make the pressure unbalance
negligible., The effect of the balance passage will be to allow a reduction in the
vent flow whilst achieving a greater tolerance to seal wear and damage.

Secondary Venting

The principle of isolating the bearing compartment from the surrounding cooling air
systems can be extended from the simple balance passage, giving pressure variation
independence, to multi skinning giving temperature independence and protection of
the cooling air system from oil contamination in the event of a leak.

Such a system is shown in Fig, 4 applied tc a two bearing, two shaft compartment
which has high pressure turbine cooling air leaking into the cooling air supply for
a low pressure turbina.

There are four groups of seals A, B, C and D which separate 3 passages inner, mid
and outer.

Seals of group A are the bearing compartment seals, An inflow of air through

thoge seals is achieved by venting the bearing compartment via a restrictor through
the wet vent to the external gearbox. An inflow of cool air is ensured through

the group B scals into the inner passage by venting the inner passage via a restric-
tor to some low pressure area (such as the by-pass duct). This may be referred to
as the dry vent. Thus, if for any reason, a leak should occur from the bearing
compartment into the inner passage, oil would not pass through the group B seals but
would be carried through the dry vent thus avoiding contamination and fire hazards.

The outer passage is opened up to the lower pressure region of the LP turbine cooling
air via holes Y such that there is a pressure drop across the group C seals into the
outer duct, Thus the high temperature air leak from the HP turbine cooling air
through the group A seals cannot find its way into the inner duct,

The balance of the LP turbine cooling air requirement would be fed via the LP turbine
shaft holes at X.

The system advantages are achieved at the expense of weight and space and possibly
also performance since the additional vent flow from the inner passage may be

. i i i e

e e e it T

. o

i

yes

ey




3.0

7-3

significant. This flow must also affect the bearing compartment pressure bsalance
unless the inner passage flow areas can be increased to compensate.

Cool Aix Blanket

Fig. 5 shows a compromise solution to the bearing compartment sealing requirements
accepting that weight and space are limited, The inner venited passage has been
deleted with the group B seals and the cooler air is introduced to the bearing com-
partment seals directly via the pressure balance passage. Since the flow in this
passage is reduced from that in Fig., 4 a better pressure balance can be achieved for
a glven passage size,

If there ware no holes at Z through the HP shaft, such as in Fig. 4, the holes at ¥
could be suitably sized to ensure an outflow of cool air through seals C to prevent
the hot HP turbine cooling air from entering the oil seal pressure balance passage.
It may however be desirable to substantially dilute the hot air leak with the cooler
air to reduce the heat transfer through the bearing compartment outer wall. This
would be particularly important if the balance passage and the outexr passage were in
parallel rather than concentric as space limitations may dictate. Thus by intro-
ducing holes at Z and increasing the flow area at Y additional cool air will pass
through the outer passage. Control of the overall flow of cooling air to the LP
turbine can be maintained by a corresponding reduction in flow area at X.

Thus loss of the dry vent, which isolates any oil leakage, is compensated for by a
higher tolerance to sesl wear due to the improved pressure balance around the oil
seals. The dilution of the hot air leak by the cooler air reduces the fire hazard
if an oil leak should occur.

ROTATING TO STATIC SEALS

Labyrinth Seal

A bearing compartment cannot be sealed by providing an inward airflow through a fine
clearance between shaft and housing as shown in Fig. 6(a). Here oil will certainly
leak on shutdown as oil runs along the shaft and it may well leak during running,
particularly at low pressure difference across the seal. These laaks can be avoided
by a raised land as shown in Fig. 6(b) which will throw the oil clear of the shaft
during running and discourage oil from running down the shaft on shutdown. However
a plain bore is not as effective an air seal as a finned labyrinth seal of the same
clearance occupying the same length, Fig., 6(c). Also in the event of rotating to
static contact the plain bore would generate much more heat, resulting in local dis-
tortion, than would occur with the more limited contact of the finned labyrinth seal.
Thus the labyrinth seal evolves as an effective oil seal.

It should be noted that the innermost (cil side) fin which acts as an oil flinger
must not run inside the seal static liner to avold oil draining out aleng the liner
against the airflow.

If a steel or other hard lining was used the seal clearance would need to he sutfi-
ciently large tu avoid metal to metal contact under any conditions. Hence it would
have to take account of transient effects such as shaft whirl, differential growth
rates between inner and outer seal parts and allow a small margin for ignorance of
the precise trausient effects. By using an abradable lining which would tolerate
limited transient seal rubs, the seal clearance can be minimised thus reducing the
air leakage for a given seal pressure difference. The requirements of an abradable
liner for oll sealing must satisfy the following requirements :

(a) Since the debris from a seal rub will enter the bearing compartment and the oil
system it must not include hard particles or be abrasive.

(b) The seanl material must be compatible with the oil types to be used in the
engine (this would preclude use of rubber and synthetic rubber based materials),

These are in addition to the usual requirements for mechanical integrity, erosion
resistance, ease of rework etc,

Ring Seal

The ring seal, Fig. 7, has a floating ring axially located in a static housing
running against & shaft mouuted sleeve, The ring follows any radial axcursions of
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the shaft by floating in its housing, consequently the clearance between ring and
sleeve can be very fine thus limiting the airflow through such a seal.

The ring seal generally requires development time to optimise ring and sleeve inter-
face materials and finish. It requires an oil presence to prevegnt wear and conse~-
quently its use is restricted to cooler environments, 250 to 300°C, 0Oil gumming

or carboning would cause the ring to stick in its housing and lead to severe wear
between the ring and the sleeve, Similarly high pressure difference across the
seal can load .t against the housing wall, inhibiting its free radial movement.

The seal will operate satisfactorily at sleeve surface speeds up to about 300 ft/sec
(90 m/sec).

Within these operating limitations the ring seal can be very effective in limiting
the vent air flow requirement.

INTERSHAFT SEALS

Labyrinth Seal

Intershaft labyrinth seals generally require larger clearances than rotating to
static seals particularly as the seal pusition becomes more remote from the bearings
and consequently require more air for an adequate sealing margin,

Hvdraulic Seal

The hydraulic seal affords a very effective means of sealing between para~rotating
shafts being able to tolerate high pressure differences with negligible airflow.,
The hydraulic seal, shown in Flg. B8, uses the outer shaft to support an annulus of
oll between two fins, one acting as a dam and the other as a weir,

A fin on the outer diameter of the inner shaft runs immersed in the oil annulus thus
providing & positive air seal, The weir controls the oil level on one side of the
fin, the level on the other side is determined by the rotational speed of the oil,
the oil density and the pressure difference across the fin.

For most applications the oil speed approximates to the mean speed of the two shafts
and the sealing capacity can be estimated on that basis,

2 2
i.e. Seal pressure difference 8p = PY (r1 -1, )

e oll density

W oil mean rotational speed

Since there are high velocity gradients in the oll, heat is generated at a hydraulic
seal, This 1s not generally significant relative to main shaft bearing heat genera-
tion but it must be considered with respect to local oil temperatures, The heat
generation will be minimised by avolding excessive fin immersion, To avoid high
local oil temperatures the hvdraulic seal should have a through flow of oil by
feeding the vil on the opposite side of the fin to the weir.

There must be provided a suitable catchment volume to prevent the oll from the
annulus spilling away from the bearing compartment on shutdown when the outer shaft
rotation provides insufficient centrifugal head to maintain it. The catchment zone
should allow drainage back to the bearing compartment. There may be a very small
air leak through the drainage passages into the compartment during normal running
but it would be at an insignificant flow rata.

The hydraulic seal presents difficulties with regard to assembly since the fin out-
side diameter must be greater than the weir and dam inside diameters. Consequently

it is often not practical to employ an assembly procedure suitable for a hydraulic
seal.

However if the seal 1s only required to support & small pressure difference then a
deformable weir could be used in conjunction with a limited interference fin, Fig. 9.
Account must be taken of the compression of the weir under centrifugal load during
running when assessing the seal performance,
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0il Faced Labyrinth Seal

The principle of a centrifugally supported anaulus of oll can be applied to a laby-
rinth seal where the oil acts as a deformable self repairing seal liner, Fig. 10. :
The nominal seal clearance need only be that consistent with ease of assembly and ;
strip. Thus the intershaft seal can be as efficient as a conventional rotating ro -
static seal (may be even more so) without the assembly problems of the hydraulic |

1

A

3 .

seals, Since it is an airflowing seal there will still remain the need for pressure
balancing. This can be adequately achieved by providing a conventional abradable
linered seal of relatively large clearance as back up.

5.0 SEAL FAILURE ANALYSIS

!
i
Since the principle of the pressure balanced vented bearing compartment is to mini- {
mise the air used consistent with satisfactory oil sealing, it is necessary to do a !
seal failure analysis. |
1
After agssessing what increase in seal clearance above normal wear limits need to be ;
catered for in the vicinity of the bearing compartment, the vent flow for the com- {
partment can be calculated. It is assumed that all the seals on one shaft can fail ;
simultaneously and that they all increase clearance by the same amount., When con~
sidering a fallure on one shaft it is assumed that the seals on any other shafts are
on maximum wear limits. The vent flow can then be sized such that at a failure
clearance there is no reversal of airflow at any oil seal. This must be checked
for each group of seals in turn. If the pressure balance around the oil seals is E
almost perfect it will be found that the vent flow calculated for the fallure case I
will provide a very low pressure difference across all seals when they are all at |
the clearance for maximum wear allowance, In these circumstances the vent flow J
should be increased to brigg the oil seal pressure difference up to a suitable mini- .
mum, about % psi (1.7 kN/m“) at sea level static take off. Fig. 11 shows a typical 1
plot of seal failure margin.

Thus the benefits of a well pressure balanced system are reduced vent flow with
extended seal failure margins., These effects are enhanced by making use of oil ,
faced labyrinth seals and particularly by use of hydraulic seals, ‘;
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DISCUSSION i

F.Willkop, Germany

1 have a question concerning the hydraulic seal. Do you have experience with counter-rotating seals, their heat
generation and their need of oil exchange?

TR -

e 3 e

Author’s Reply
Tests have been carried out investigating the operation of contra-rotating hydraulic seals. These showed that such

seals were not stable and would not support significant pressure difference and hence further testing was not
pursued.
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Fig. 6 CLEARANCE TYPE OIL SEAL
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TRANSPORT PHENOMENA IN LABYRINTH-SEALS OF TURBOMACHINES

Tahsin BOYMAN Peter SUTER
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Institut de Thermique Appliquée

CH-1015 LAUSANNE (SWITZERLAND)

SUMMARY

In turbomachines it has been obsarved that the oil-fog and the oil-vapour produced
in the region of bearings may be transported through the labyrinth-ylands in the direction
opposite to the buffering-fluid-flow.

Two machanisme are found to be at the origin of this undesired transport:

® the diffusion of the oil-vapour due to the concentration gradient,
e tha transport of small oll~droplets due to the complex flow created in the
labyrinth-seals.

The intensity and limits of these two phenomena are studied theoretically and experi-
mentally; experiments have been performed in a real-sime-model and in a second large-scale~
model, both of the “straight-through-type™ with moving fins and a stationary outer cylindar.

NOMENCLATURE
s 18 Indices
A (mN) t area 1 : xelated to the inner cylinder
B  (m,mm)): breadth of one labyrinth- 2 t related to the tip of the fins
chambexr t related to the outer coylindar
g m,mim, )1 thickness of a fin 1 related to the real-sige-model
mg~?) 1 valocity 1t related to the large-scale-model
D (n,m,)l diameter a 1 axial component
£ (mm,) 1 focal length in LDV r t radial component
¢ (=« ) 1 number of labyrinth-chamber t ! tangential component
Kn ;m:") t mass transfer coefficient f t of the fluid
L™ (mm,) 1 distance of the laser-beams s 1 of the particle
in LoV ¢ 1 in the i-th chamber
h (min!) 4 speed of rotation m 1 average in the gap
& (M‘:") 1 flow rate
"A‘ : oooidigltu he bl . Definitions
t angle between the plane o -
laser-beams and the plane Cam ! :"‘f:g“i;"i:lt::ms“y of the buffer
v of labyrinth-fins ng=fiuid, gep
» i concentration of propane ”
® (kx.)f’) : dynamic viscowsity Ca, (Dy-Dg
’ (kg.m™) : spscific mass Re : Reynolds number Re « DC f,l."'
(29 1 angular fragquenay

Abbreviation
ppn : parts per million

(n + on the drawings)

1. INTRODUCTION o

[{

The labyrinth-glands are contactless laakage reducing elements for turbomachines !
working at high rotational mpeeds: according to the direction of the pressure drop a o
cartain amount of fluid Flows through tho glands, When this sxchangs betwsen the fluids 8
inside and outside of the machine has to be absolutely stoppsd we make use of a buffering- '
filuid. The buffering-fluid is injected into the labyrinth-glands in order to assure two {#
flows in opposite divections: the first one directed to the atmoaphere and the secomd to L
the inner side of the machine. 3

ring - fluid A
In practioce it has besen observed that oil is Butfaring - {

transported from the region of bearings to the
inner side of the turbomschine through the laby-

rinth-~glands, in the direction opposite to the
buffering~fluid-flaw.

) f

The problem may be swmsariusd as followa ( " X
(saa figure 1) : 4
. : H o & i

The spaces £ and § ore ~cpaceted by a rotor
suiped with fina, the ocuvter nylinder is at rest,
The fluid in & containe oii in gassous form and

£ aud due to this pressurs difference we have a
flow fiow & to & through the glands. In spite of
this flow we observe oil in xone K .

oil-droplets. The pressure in # is higher thar in &{

SS)NNNN |

Yigure 1. Schematic view of B
the problem i
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The purpose of this paper ig to study the mechanisms causing this undesired trans-
port phancmenon.

2. CLASSIFICATION OF TRANSPORT MECHANISMS

In turbomachines the lubricating oil is partially vaporized due to the heating in
the bearings. Another part of this oll is atomized by centrifugation and constitutes a
suspension of oil-dreoplets in the air, called the "oil~fog". The oil in gaseous form will
be referread to as the “oil-vapour".

The following transport phenomena can be observed:

® the oil-vapour has a certain concentration in the region of bearingd and can be
transported by diffusion to those regions whers ths concentyation is lower,

¢ layrge droplets end their trajectory on a stationary surface in the zone § baefore
entering in the labyrinth-glands; smaller droplets follow the flow more or less
accurately and we shall show that there is some probability that droplets can be
transported by this procedure from space§ to space & through the glands.

Experiments have been done in order to study separetely the two mechanisms:

o the diffusion,
o the transport of small dropletws,

The detarmination of the rates of diffusion has been performed on a real-size-model
and as to the complex flow-fleld in labyrinth-glands, measuraments and visualization have
been done on a large-scale-model. The transport of the oil-droplets of different sizes,
obsexved in the real-size-model, can be explained by the information on the velocity-~
fleld.

3. DIFFUSION-EXPERIMENTS (// / / / / S}ﬁ"/})

3.1 Configuration of labyrinth-glande

The experimental models investigated are both of the
"straight-through-type®, with moving fins and a stationary
outer oylinder.

The variables are the rotational speed of rotor and
the average axial velocity of buffaring-fluid through the
gap between the fins and the outer cylinder.

A4

Rotor
Figure 2. The chosen configura-~
E , m S | tion of labyrinths
LN _J
2
«
T -\
; > # j "';ﬂ
* - A \
>, WRNNRN
(] ’ W N

PFigure 3, The real-sixe-model
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3.2 The real-size-model

The principal dimensions of the real-size-model are given on figure 3. The annular
chamber in the middle of this model simulates the zone & close to a bearing of a turbo-
machine where the oil-fog and the cil-vapour are produced. The buffering-air is fad
radially at station & and we have nine identical fins between the intake (&) of the
buffering-alr and the exit-chambar (& ). The outer cylinder is made of plexiglams and
equiped with 49 holes of 1 mm diameter for sampling.

A direct~current drive motor allows rotational speeds from w100 to 9100 min'.
Average axial velocities of the buffering-air in the gap are assured up'to Cg ., o-an-r'.

3.3 Experimental equipment

The figure 4 shows the arrangement for the diffusion-experiments. Instead of oil-
vapour we injected propane gas in the exit-chamber () and measured the propane-concen-—
tration in the samples taken through different holes on the plexiglass-cylinder.

A flame-ionisation~detector was used for the determination of propane-concentrations.

The propane-concentration was maintained about $00y7 ppm in the exit-~chamber (S§) during
the mneasurements.

P ¢
-‘“------‘ r._.-.—.-‘-.—l1‘
] | i
P
Flowmatsr T P~ Flowmetsr
for air for propane

'Laa--g?&- .

I o)
|
)
|
l
\J i
'l:‘ »>

-~ ° 22 Buffering - air
Recorder  Flame - ionisation- 9
detector ~* ="~ Propant gas

—l2. Sample

Figure 4, The arrangement for the diffusion-experiments

3.4 Results and discussion of the diffusion-experiments

The results are shown on figures 5 and 6. The figure 5 gives the variation of the ¢
propzne-concentration through the glands for ng s $000 mii’ and Ciasm@®0,3%,0,50;075; 1,00 m¥".
The figure ¢ shows that only the ratioc C¢,s/Cq,m i3 determinant and the Reynolds number
(obtained with Cy g or Cq,, ) has no influence in the investigatsd domain.

buring the experiments the test-room concentration-level was about 25 ppm and we
found the same concentration-level at station kg which is situated at some distance from
the labyrinthi-glands, on the buffering~-air admission-pipe.

In our case we have not any net propane transport from § to £ through the glands.
Tharefors, the concentration in the i~th labyrinth-chamber is the result of:

® a global transport dne to the buffering-air«flow: d’ L 7] and
¢ a turbulent mass transfer: KAn, A(W.,~%) .
Thus:
Q¥ - knyo AT =) =0 (1)
For a large number of labyrinths with an average maws transfer coefficient kn'., we
obtain the propane~concentration in the i~th chamber (see ref. 1) 1

ve 7, e (- ) (2)
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hith Cq s 7£ , equation (2} reduces to:

¥ ox Xy exp (-%:i.i)

Above the difference of concentration of 100 ppm
between two neighbouring chambers, the four distribu-
tions given on figure 5 satisfy the equation (3). Thus,
we obtain the mads transfer coefficients given on
table 1. The value of ky,, shows a slight decrease
with incressing C, 4 /CM ratio.

Below the concantration~diffex-
ence of 100 ppm betwesen two neighbour-
ing chambers,the intensity of diffu-

&)

8-5

_-&,'; 90 | 120 | 180 | 360
kum | O6s | Qe84 | O59 | Q56

sion is reduced and an effective seal~-
ing against diffusion is obtained two
or three chambers upstreams, after

that the difference bacomes lower than

100 ppm.
The difference of the concentra-

tions at stations & and 0 is due to a

protection-ring situated between the

labyrinth-glands-rone and the space s .

During the diffusion-experiment.s
it was also observed that:

» there was no perceptible vari-
ation of concentration in any-
one of the labyrinth-chambers
during one hour runs,

¢ the propane-~concentration in
the chambers varied proportion-
ally to the concentration in
tha space § when this was
varied,

o the peripherical variation of
concentration in every chamber
did not exceed t 108 of the
average value.

As a partial conclusion, we can
say that care must be taken against
the transport by diffusion when we
have reduced velocities of bufforing-
£luid and also if only a few laby-
rinth-chambers are disponible.

4. DETERMINATION OF THE FLOW-FIELD
IN A LABYRINTH-~CHAMBER

4.1 The large~scale~modal

In order to examine the details
of the flow, a large~scale-model (five
times greater than the rasl-size-model
with geometrical similarity) was con-
ceived, Figure 7 gives the principal
dimensions of this model.

In this model we used vater
instead of air, Therefore, the hydro-
dynsmiocal similarity requires the
reduction of all velocities in a ratio
of 85 in the water; the rotational
spesd is reduced 420 times. The kuf~
fering~water flows from the bottom to
the top. On the outer oylinder we have
two plexiglass windaws for visualiza-
tion and velooity messurements.

rigure 7. The large-scalas-model
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Figure 8. re—
The double~helicoidal
flow-pattern

plane of
reprasentation ’ 2

-

Figure 9. Plow~images obtained by dye=-injection-method

4.2 Ylow visualization

With the injection of colored dyes (Luconyl from BASF dilutud with water) at appro-
priate injection vaelocities, it was possible to determine the local directions of the

flow velocities in a labyrinth-chamber for different pairs of “rotational speed - axial
velocity of buffering-water™.

From the flow-images obtained with this technique and representod on figures 8 and
9 we deduce that:

® without rotation, one large helix appears,

» with rotation,but buffering-flow lacking, two similar and partially overlapping
spirals appear,

« with both rotation and buffering~flow, the two helices are distorted.

Thus, ths main flow for n¢d and c..,,,,o conaists of two oppositely rotating and
partially overlapping helices.

Besides the obsexrvation of the mean flow, the flow visualization revealed also the
womentary back-fiows occuring in the gap. During these experiments, the paristal injection-
poInt was situated approximately 5 mm on the downstream-side of the gap and in spite of
the buffering-watar-flow the inje :ced dys came momentarily back (with a random frequency)
through the gap into the labyrinth-chaml 'x situated upstrecoms.

4.3 Laser-boppler-Yelocimoter (LDV) messursments

The measurements are made with a BBC~Coerz velooimetexr (model LS 01) in the back-
scattering mode am! a BBC-Goerxs signal processor (model LSE Cl). The lasar source was a
S mW Helium-Neon unit. The output=signal of the processor vwas sampled at the rate of 1000
samples pur second and each sample was stocked in the corresponding channel of a numexical-
treatment-unit (Didac 800 fxrom Intertechnique). The fresh tap-water did ot show any aiffi-
culty during the measurements,which weras done through a plexiglass window presenting the
sams internal curvatuxe as the outexr oylinder,

‘The points where the velooity measurements are performed are given on figure 10.
Excspt « (ew points close to the fins, At each point two measurements in two different
directions (namely, M« 30® relatively to the circumferential direction) have been
carried out. Here,"ons measurement®™ neans the probability density distribution of the
velogdity in the concerned dirwction, this distribution being obtained for a total of
500000 samples at the rate of 1000 values per second.
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from LDV measurements for no-mw'-nd Comg 0,05 ms?
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From thege distributions we computed the average velocities and the central moments
up to the fourth moment, With two average velocitlies in different directions at the same
point we obtained the averages of the axial and the tangential components of the velocity.
The distributions of there components arc given on figure 11 for Ng = 21,55 min-* and
Com@ 20,035 ms™? (these values correspond to Agx 9060 min=! and Camg@sJ ms~' in the real-
size modal)., On these representations, the ig%Qr oylinder is rotating countex-clockwise
when seen from the top and the }wffering-water flows from the bottom to the top. For the
sake of reprasentation of the small axial components the velocity-scales have different
values for each distribution on the figure 11,

The distribution of thc axial components (figure 1ll,b) (negative values are hlack)
confirma the results of the visualization: we find again the two distorted vortices with
a reginn of negative velocities across the chamber.

From the distribution of the tangential velocity components (figure 1l.a) it can be
seen that in the middle of the labyrinth-chamber the average tangential velocity reachs
§0% of the circumferential velocity of the moving walls.

The double-helicoidal flow in the space between the fins explains the transport of
droplets within a labyrinth-chamber. As to the transport from one chamber to the neigh-—
bouring one situated upstreams, the turbulent velovity fluctuaticns in the region of the
gap may be at the origin of the momentary back-flows observed during the visualization-
oxperiments. The variation of the fluctuations when approaching the walls and mainly in
the region close to the gap can be observed on figure 12, On this figure are given the
probability density distributions versus the velocity at four different points for
g 135 mi?!  and Com @ = 0,035 me™,

From figures l2.a anl 12.b we see the increases of the axial camponent and alse of the
velocity fluctuations when we approach the stationary outer wall: howsver, there is a
manifesting velocity=-peak. Figure 12.c gives the situation in the middle of the chamber:
the flow is practically tangential. In contrast to the distribution of the figure 12.b,
the velcoity distribution in the gap (figurs 12.d) shows the lack of a dominant velocity
and the fluctuations reach t 25% of the average value for A« +30° and * 33 for S« -30°,
Unless the fluotuations in the A=+30° and Ss.30° directions were rigidly correlated (which
is unlikely), the momentary axial velocity in the gap can well take negative valiues,
explaining thus the transfer observed in the visualization.

The partial conclusion we can deduce from the flow-field observation is that the two
helices account for the transport of a droplet within a labyrinth-chamber,and the velocity
fluctuations in the region of the outer wall and,mainly, near the gaps may transport drop-
lets from one chamber to the next one situsted upstreams.

5. MOTION OF DROPLETS IN THE LABYRINTH-GLANDS

Considering the motion of discrete (non-interacting), spherical and small (Stokes-
drag~law applies) droplets entrained by a gas flow (see ref. 2), we can verify:

e the centrifugation of the droplets by the predominant tangential velocity component,
e the flow tracing fidelity of particles in the fluctuating flow-fisld.

Por tangential and radial velocity components of the droplet we have (see ref, 3):

B D, w; . (4 Dy . 2
Cpr _._c__f_.e__r“ Y (ot redius ¥) (4)
Cpt = _gt.wf (at radius .’{) (5)

Thus the ratio of the two components 1s:
2
Cor _Wr-Pu-dy J
= { 6
C,,t 16 . ,"f

CP;* ¥ Cfo‘. (7)

Hexre:

In our case, for the ratio C",./c”t we obtain the values given on table 2.

The values of the radial velocity of the
particles do not excesd the order of magnitude

of the radial and the axial velocity compo-

nents of the afore-menticned helicei. Large pp tﬁ‘m Q.Nf.n 5.05% | 0.06% ”Q‘mm‘
dropleta can not enter anyhow in the labyrianth p’-mk.n"
glands-zone, being already centrifugated in <&

the space § . Smaller dropiets will follow, %4"- JQM d,010 i0.0m 0,2% kentew
to some extend, the helicoidal flow, but in pet ty

any case centrifugation tends to move the

droplets in the direction of the outer wall Table 2,

where large velocity fluctuations ars prezent,
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In this gland-zone close to the outer wall, the flow tracing fidelity of droplets
has to be verified. Expressing the particle ve=locity in terms of the fluid velocity with
the aid of an amplitude-~ratio and a phase angle (see ref. 4), we obtein for ocur conditions -
the amplitude-ratios and the phase angles given on tabla 3. :

These considerations show that particles
of the micron-sixe will follow the fluctuations
of the flow and can be transported in the unde-
sired directiorn, in spite of a buffering-fluid-

i Frequency of {luctuations

‘ 1000 s 5000 ¢ flow.
;  Amplilude] Phase w/emTM
' Dp ratie | ongla | ratio

1.40%| 1,000 | -10° | 0,996 | -50°
2.00°| 09098 | -40° | 0,946 | -190°
5.16%| 0,0 | -23,5° ] 0,417 | -650°
10.99%| 0,497 | -60,0°| om4 | -830°

i

6. CONCLUSIONS

! e The diffusion-expariments show the possibility of an undesired transport of the
: oil-vapour by diffusion at reduced buffering-fluid velocities and also if only a
few labyrinth-chambers are disponible.

e From the measurements with the Laser-Doppler-Valocimeter and with the aid of the
visualizations we observe a double-helicoidal mean flow in the labyrinth-chamber.
Turbulent velocity fluctuations are superposed to the mean flow. The intensity of
the fluctuations ilncreases when approaching the stationary wall and,mainly,the
region of the gap.

-8

o As theoretical considerations prove, droplets of the micron-size (D,,~m m) can
accurately follow the fluctuations and move in this way in the opposite-direction
to the imposed buffering-fluid-flow,
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DISCUSSION |

: A ',
‘ B.Wrigley, UK
Please comment on the effect of cell proportion on oil transport. ]

Authors’ Reply ')
Qur tests have, up to now, been performed with only one geometry of approximately 1:1-ratio of height to breadth f
of the lubyrinth chambers. Of course, the mars transfer coefficient k,, depends on geometrical parameters; i "3
offectively it may be expressed as a mass-transfer Stanton number Stg, . ; j

Sty ™ kp/U = f(Re, G/U, geometry) .

Our tests have resulted in the order of magnitude of ky, = 0,007, nearly independent on Reynolds nutnber, 3
slightly dependent on ratio C,/U, but certainly influenced by geometry. We are examining this by theory and ‘

experiment. Let us remark that the mentioned value is of the same order of magnitude, us, but higher than an
! expected turbulent mass transfer value; the increase is due to the described flow pattern.
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SUMMARY

In high pover density turbomachines vibrational problems arise. One reason is
caused by exciting forces in sealing gaps. This effect can be seen in the unsymmetrical
pressure Alstribution within the sealing. In oxder to get fundamental knowledge of the
flow in sealing gaps a test-facility for labyrinths was installed, which allows to
invastigate sevaral labyrinth configurations. The following parameters can bo varied:
the shaft rotation, the pressure differance on the seal, the entry-swirl, the eccentric-
ity of the rotor and the gaometry of the labyrinth.

Tha presented investigations show a systematic dependance of the excited lateral
forces on these parameters. Fur a given labyrinth the corresponding force coefficient
is related to the entry conditions of the flow and the prussure difference on the ssal. .
Two examples of caloulation demonstrate the application of the test rewsults.

LIST QF BYNBOLS

%0 axial flow veloctiy befora
the labyrinth
% ceircumferentiai flow veloutiy

before the labyrinth

D rotor diameter
l: relative admission energy
of the flow
[ xotor eccentricity (dimensioned)
r' reference force
h height of the chamberx
x” excitation constant
ia latural force spring cosfficient
nusber of whirling chambers ,
P, static pressure afiter the labyrinth
Py static pressure beforxe the
labyxrinth
Ap.t “p, ~ P, differential pressure
Q lateral foxce
R restoxring force
| 4 yotor radius
Ar radial labyrinth clearance
spacing of the la' yxinth
uy periphexal rotor speed
n ¢/Ar relative eccentricity of the rotor
v density of fluid
[} peripheral angle
Suboripta: Supersoripts:
o refers to position before labyrinth “ disensionless value
1 st each chamber - WmeéAn value
abs total
ges summation over all chamhers

lateral

restoring
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INTRODUCTION

The economical reguirsmeants and the technical development led, on many techni-
cml flolds, to bigger and biggexr machine uaits. This applies especially in the casa of
the turbo~machine engineering due to the constantly increasing performance raeaquirements.
Self excited xotor vibrations, produced by the flow forces of the handled fluid, balong
to the phanomena causing new opexating problems. The origin of the exciting forxces is,
at the present, only partially known, Amony othears, the powar proportional lateral
forces, known undey the designation "Steam Whirl Excitation®, investigated by Thomas (1)
belong to the causes of this occurrence which are being considered. The multiplicity of
the vibrational phenomena observed on manufactured fluid machinary as well as on model
testy, polnts Lo the fact that, besides the investigated clearance axcitations, other
exciting forces act on the rotor via the working fluid.

The search for the physical reasons of these vibrations out of rotational rfre-
quency lead to the flow occurrences in glands, sealing gaps, balance pistons and shroud
bands. Even omall unsysmstrles in the pressure distributicn on the above units give
origin to foxces, which are capable of lifting the weight of the rotur. The latsral
force component of tha resulting rotor load, caused by the uneven pressure distribution,
can reach a vibration exciting extent.

Lomakin (2) shows that, in cuse of an asccentrical position of the shaft in the
casing, variable flow resistances ocour in the gap. Ths different flow speeds resulting
from this fact cause an unsysmetrical pressure distribution with regard to the shaft
conter line and, thexafors, lateral forces. Lomakin considers here tha plain axial flow
only (one-dimensicnal consideration). The circumferantial flow and mpacially the influ~-
ence of the shaft rotatlon are not taken into consideration. Domm and his coilaborators
{3) investigate the influence of the sealing gap at boilear foed pump impellers. The
laterxal forces are considered, which occur in case of smooth annular clesrances and
sccantrical shaft position, as well as their influence on the vibrational behaviour of
the rotor. Alford (4) occupies himself with lateral forces in case of labyrinth seals,.
He is of the opinion that, in came of gap width variable with time, lateral forces
occur, which act sut-of~phase with regard to deflection. Depending on reduction or
enlargexent of the gap width in flow direction, exciting or damping forces appsar, for
which no basic explanation is given in this theory. The investigations (1, 5, 6) includese,
besides the sealing gap flows, also the effects of the unaven distributed blade forces,
the influsnces of the bearings and other effects of the whole machine. The above works
consider boundary conditions of the shroud band at the lmpellexr of a turbine stage, and
an imcompresmsible flow being assumed,

It is known that the lateral forces of the shaft seal, less considered up~to=now,
give much more reason for difficulties, the largex the power concentration of these
machines becomes., According to manufacturers' statements, the number of operating probe
lews with high pressurs compressors due to vibrational excitations out of rotational fre-
quency increased more and wmorw, lately, which origin is assumed to be in the gap flow
phenomena, but also with stationary gas turbines of higher power, stability problems
aross for the same reason.

In order to increase the availability of the machine unite, & more and more exact
and cowplex vibrational caloulation is necessary. Hereto, the speed synchronous vibra-
tions (unbalance vibrations) as well as the self excited vibrations out of rotational
fraquency must also be taken into consideration., The influence of the melected bearing
arrangement (spring and damping coefficients) must also be taken into consideration,
aince, 4in case of plain bearing, oil film instabilities (nil whip) may lead to self
axcitation (7, 8). Beaides of this, the Xnowledge of the melf exiting mechanismuscaussd
by flow is decisive, since thess modify the stability limits of the rotor (9, 1, 5, 6),
Rollmann and his co-workers (10) make & comparison of the various flow effects causing
vibrations out of rotational freguency.

The purpose of the labyxinth investigations shown underneath ig to determine the
flow inducad foross appearing in the sealing gaps. The results of the investigations lead
to a lateral force excitation coefficient of the shaft seal, which, ccmparable with the
excitation coefficient at the impeller, must alaso be included in the vibrational cal~
culation. In opposition to the investigations made until now, the influence of the
compressible flow in seals has been investigatedssparatsly, {n order to allow a sep-
aration of these effeuts from the other self axociting cauvses (10).

LABYRINTH TEST~FACILI?PY, TEST PROGRAMNE AND EVALUATION

For the investigation of various labyrinth configurxations, a nevw test-facility,
which operation began in 1976, wus conceived at the Institut fdr Thermische Etrdmungs-
maschinen of the gtuttgart Univerxrsity. Figure 1 shows the sectional drawing of the test-
facility for labyrinths, Design and installation were mada together with the firms be-
longing to the “"rorschungsvexeinigung Verbxennungskraftwaschinen e.V.%, Frankfurt/Nain,
Federal Republic of GQermany. The picture shows a labyrinth sealing gap (half lahyrinth)
with plain shaft and seal tops mortised in the casing. Each whirling chamber of the
labycinth casing is provided in circumferential direction with twelve statival pressure
meanuring holes. The flow enters ths test seal from above, several inflow asseablies
being available, with whieh different entry swirls of the seal can be produced, The tast
medium is air which is expanded to the ambient conditiona. The speed cf the xotor is
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continuously adjustable (u, pa., = 150 m/8). The rotor eccentriclty can be arhitrarily
selected within the range of the mean gap width (Ar).

The collection of the total of 216 measuring data, pressure measuring data
alone are in number of 168, is made with a measuring data collection computer. A cantral
processing unit takes over the control of the measuring unit installed at the test
facilities and processes the obtained digiltal measuring data for pressures, toemperatures,
leakage flows through the seal and rotor speed. The data output for the test evaluation
at the main computer can be selected.

The labyrinths to be tested are sketched on figure 2. The following
test paramaters can be varied:
The entry conditions before the inlet tooth (pPg, ©yo)-

The eccentricity of the rotor from the concentric position (¢ = 0)
up to the relative eccentxicity ¢ = 0,9,

The velocity and direction of rotation or the rotor.

The number of whirling chambers (m) of each type of construction,
The geometry of the whirling chamber (Ar, t, h) of easch type of
constxuction.

The investigations on the first two labyrinth configurations (Type 4 and b) are com~
pleted; at the prasent, the test evaluation for the version b with four and ¢vuwo whirling
chambers, respectively, is being made.

rigure 3 shows now typical dimensional pressure distributions in a labyrinth gap :
seal with thrae whirling chambers. The location of the pressure nmeasuring planes in the
chambers is sketched in the diagram., In order to deturmine possible pressuxe variations
over the depth of the whirling chambers, two measurings on ths peripheral line take
place fox each chamber (ueal top slip t = 8 mm, pressure measuring holes spacing 4 mm).
Over the periphery of the labyrinth, the pressures are measured in 30 degrees distances;
peripheral angle y = 09 is the¢ position of the widest gap, ¢ = 180° is the location of
the narrowest gap. The measuring data shown on the diagram are the mean data of each
of the two measuring holes. The pressure variations of both data are less than ona
percent of the differential pressure acting on the seal.

& R P

[

Parameter of the presgure distribution presentation shown is the relative
aduission energy of the flow !z. The full lines (point-symbol) are the result of a plain [
axial entry flow (l; = 0), the stroke cuxves for & swirl entry flow (l; w 0,22), The
eccentricity is 0,7, the measurings take place with rotor in stand still condition. The
pressure distribution for the axial entry flow has, in the first chambexr, the charac=-
teristic distribution according to Lomakin (2), i. a., the highest pressure in the
narrowest gap. This effwct is inverse in the sscond chamber, in the third chamber the “
pressure is almowt equally distributed over the periphexy. For the awirl entry flow tha |
saximal pressure is located bafore the narrowest gap, the pressuxe variations in the A
chasber are mors evidant,

The normal loads on the shaft (R and Q) shown, are the components of the loads d
resulting from the pressure distributions. The restoring force R acts against the xotox B
eccentricity, i.e., centering, the latoral force Q vertical to the eccentricity. 8Since i
the pressure digtributions in the chambers (p, (¢)) sre periodic over the rotox periphezy,
the evaluation is made poasible by means of a"Fouriexr's development, the pressur. prog- g
ress being preusented by a trigonometrical series, The resulting normal forces are obtained |
by addition over all chambers to:

Lateral force Reptoring forxce
27 e i
Q'E""‘[T’"‘P"'m’d‘p R--ghhfvl(’“c"'@d‘l’ :
I} 0 { il 2

For the pressure integration in the individual chambers, only the terms of the basic fre-
guency are then of interest. The advantags is that small pressure measuring erxors, per~
ceptible by means of texms of higher dagres, 4o not appear.

Mowever, for a systematic test evaluation, a relative presentation is more
recommendable. rig. 4 shows the most important relations. The reference force for the
dimensionless labyrinth mean values of the lateral and restoring forces iz as follows:

r. - r .m+t Ap-t (N)
The pressuxe Adistributions are made dimensionless by weans of the static pressure differ-~
ence acting on the sesl (Ap_.). The expansion in the labyrinth is, with this, standard-
ized for all the pressurse cskdttionu betwean 1§ and 0. The relative admuission energy ol
the flow E* into the labyrisith represents the relation of the flow enexgy in circumfex-
ential dix?ctton (+ u, - direction of rotation of the rotor) to the flow enexgy in axial
direction (Ap . ohY coefficient B* 14 designated as Jiwenisi = ‘s spring constant,

)
since it indiJ2las the rise of the £Brce displucement curve in uependance on tho relative
admission enexgy of the flow. The dimensional normal foxces on the shaft axe then ob-
tained from the product of the specific relative spring constant with the relative rotor
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accentricity and refarsnce force,

FORCES AND LATERAL YORCE EXCITATION CONSTANTE IN LADYRINTHS WITH SWIRL ENTRY FLOW

7he relative pressure distribution is represanted in Frig. 5 in dependencs on the
svirl entry flow for & constant axial pressure difference of a half labyrinth with 12
whirl chambare. The rotor sccentricity for tha three reprasented tests is constant with
¢ w 0,8 . The preassure variations in the individual chambars increase with rising rela.
tive admission energy of the flow. Comparsd with the axial flow (!: = 0) the muximal
pressure for t;>-o moves to a point before the narrowust ygap, and the rotoxr load xesult~
ing from the pressure distribution gives the restoring and .the exciting lateral force.
The most important forces occur in the first whirl chamber, then a sudden reduction of
the vircumfetfential flow takes plave, the preassure varxiations atter the 7th chamber are
thus detectsble only for laxge ES values,

While Pig. 5 shows the parameter lg, the second decisive inflow coafficient, the
rotor ecoentricity, is made wvident in rig. 6. Yor a 7-chamber labyrinth aealing gap the
pressure distributions for the concentric and two accentric rotor positions arae shown.
In case of concentric shaft position (¢ = 0) the pressure on the periphary of the whirl-
ing c¢hamber is constant, Thus, the larger the rotor accentricity becomes, the moxe in-

tensive will be the prasmsure variations, i.e., the rasulting lateral and restoring foxcaes
on the shaft.

Thase force-displacement curves ars graphed for the l2-chamber half labyrinth in
Fig.7) the parameter is the relative admission energy of the flow. The mean relative
restoring force R is slightly negative over all 12 chawberm, becaumse only the first
whirling chamber has a positive restoring force. Accordingly the mean labyrinth value of
the restoxing force varies around sero depending on the numbex of chambevs, and i
therafore of gubordinate importince compared with the lateral force under awirling entry.

The lateral forces on the shaft increase linearly with the xotor eccentricity up
to deflections ¢f ¢ » 0,6 - 0,7, As the shaft displacement increases furthexr (though
this does not happen in actual machine operation) the curve flattens out slightly. For
¢ w 0 the charactexristio curves must pass through the zero. Any sero errors arising can
thus be eliminated by parallel dimplacement. This ix made clear by the curve X3 = 0,083,

The slope of the lateral force-displacement curves plotted depends only on the
relative aduission flow snergy, i.e. on the ratic of the entxy swirl energy to the total
pressure gradient, This statement is valid regardless of the number of whirling chambaxs
or the shape of a seal. Fig, 8 shows test results for the lakbyrinth type ‘'b' with six
chambers. The mean gap width Ar has besn halved compared with the half labyxinth. In
addition a few test points have been plotted with negative rotor scoentricity, in oxdex
to show the linear %ero passage of tha lateral force-displacemant cuxves.

The slopes of thewecharacteristics, which ate linear up to a rotor evoentriocity
¢ = 0,6, give the dimensionlass lateral forcve spring coefficient Ry (K3) (relative
labyrinth mean) for the particular labyxinth. The dimensioned lateXal force then emerges
as the product of the lateral foxce spring constant with the eccentricity (¢) and refex-
ence force (Apge + ¥ + M . t). With equal relative admission flow energy By the relative
latexal foxce !- yreater with a small number of seal chambers than with more chamberxs,
because the mean is taken over the labyrinth. It can be shown that the pattern of the
latexal force across the individual chambers is influenced only by the relative adaission
flow enerqy, lrxespective of the number of whirling chambers in the wseal. The maxked drop
in tha lateral foroes ocours {n the first chambers, as is dooumsnted aleso by the presszure
distyibutions shown. The reason lies in the retardation of the circumferential flow by
frioction and vortex losses. At the same time, however, the axial veloctiy increases
steadily, so that the chamber-specific ratio of swiri to axial component becomes progres-
sively smallexr, i.e. the flow angle to the axial direction becomes evexr smallexr. On the
labyxinth gap seal investigated it can be observed that after the 10-13th whirling
chamber there are practically no longer any latexal forces due t¢ swirling entxy flow,
because the oy component of the flow has been dissipated.

Fig., 9 summasrizes the investigations for swixling flow into the labyrinth with
charactexistic curvos for various labyrinth types having different numbars of whirling
chambexs in each case. The lateral force spring constant XS i plotted against the rela~-
tive admiwmion enexgy :; to double logarithmic scales. BRetween the spring constant
and the admimsion enexrgy B3 thexe exists a parabolic relatioa. The influence of the
numbex of chambers (m) is taken into account roughly reciprocally. It should be noted
that the symbole entered (o, x) are not individual weasuring points but the results of
evaluating the associlated later:l force-displucement characteristics, which in turn

conwist of seven different double measuring points for the various sccentricities. This
evalua:ion route is made cleaxr by Figs. 7 and 8.

The specimen calculation in Fig. 10 shows how the rassults presanted previously
may ba used to dimensio: and calculate contactless seals. The numerical example ralates
to & lakyrinth seal commonly employad in turbine enginewring. As alrsady sxplained, it
is sufficlent foxr the caloulation to take the firmt !2 whirling chambers, bescause after
these no moxre lateral foroces appeax dua to swirling entry flow into the seal. The static
prassure gradient on the 12 chambers ie thus pyns = py = P, 4. Apart fors this Lt 1is im-
poxrtant to know the admission state before the ilrlt p:..i&:- peak. From thess data the
relative admiesion energy l: aan be caluulated, With this and the number of chambexw
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{(m = 12 in the examples) the dimensionless lataxal force apxing constant can then

be determined from the characterxistics in FPig. 9. For an assumed shaft displacement
of a = 150 um, 4.e. € » 0,3, the lateral force Q normal to the rotor deflection
then emergee. The dimensiona)l exitation or spring constant figuring in the vibra-
tion calculation is the guotient ot lateral force and deflection.

INFLUENCE OF SPEED ON THE LATERAL FORCE EXCITATION CONSTANTS IN
LARYRINTHS WITH AXIAL (NON-~SWIRLING) ADMISSION PLOW

The foregoing remarks are confined to the laterxa)l force excitation by the
swixling inflow into the mseal. But the influence of the peripheral shaft speed cannot
be ignored aithex. It depends on the magnitude of the circumferential flow component,
which is determined by the shaft rotation. As a simplification it may be said that the
¢y component {s a function of the ratio between the retarding surfaces (housing) and the
propelling surfaces (rotor) in the labyrinth seal.

Comparison of the labyrinth configurations (Fig. 2) shows that this ratio differs
considerably in the individual types. For labyrinth type 'b' the ratio is high, whereas
in type 'c' the oy-propelling surfaces of the rxotor predominate. In type 'c' the twe
components are equal. The configurations wers chosen deliberately to enable the influ=
enve of speed on the lateral forces in eccentric labyrinth seals to be defined with
general validity. Below the results with a comb groove seal having seal strips mortised
into the rotor are given.

Graphed in Fig. ii are the latersl force-displacement characteristics of a laby-
rinth with 10 whirling chambers and axial flow admission, constant rotor pexipheral
speed and variable axial pressure gradient., The sunse of rotor direction has been
changed to enable the exact slope of the characterxietics (Ka) to be determined., Any xero
exrxors or erroxs in the seal geometry (¢ = 0,1 A 25 ym) are slimivnated in this way. Cor-
responding to the paripheral rotor speed of uy = + 75 m/e illustrated as an oxample,
further speed tests with reversed xotation wers examined fox the various xotor eccen-
txicities and pressuxe diffuexences on the seal,

Comparable with Fig. 9 the lateral force spring constants obtained in this way
Yield charantsristios flor the various peripheral rotor speeds (Fig., 12). The exoitation
constant is plotted against the reciprocal differential pressure at the seal to double
logarithaic scales. A parabolic relation axists, If tha paxallel straight-line charac-
texristios are vompared, the lineax spead influence of the shaft rotation on the lateral
forve spring constant ia revealed. FPig. 13 shows this for the six-chambexr seal. Since
the mean is taken over the numbex of chambers in accordance with rig. 4, approximately
the same saxcitation vonstants result for equal speed and pressure differencue. The slight
increase in themse values compared with the results in Fig, 12 is due to the preliminaxy
voxtex before the first seal stxip caused by rotor friction. With six whirling chambers
this has a greater impact than with ten, Also shown in Frig, 13 is the influence of the
lucation of the static pressure measuring holes in the whirxling chambers, in order to
‘make it clear that no forxve changes of conmsaquence oaour.

In Fig, 14 the excitation constant due to speed has been estimated, as Lt emer-
gxs from the above results undex axial (non-swirling) inflow to thae swal. The labyrinth
seanl has strips mortised into the shaft., The number of chambarsand pressure difference
voxredpond to the example in ¥ig. 10, though the mean gap width has been halved. As the
excitation constant due to rotor rotation in the dimensionless form dves not depend on
the number of swirling chambers, for the reference foroe Fp the total number of chambers
(m » 50) and' the total pressure gradient must be taken into acdount, Although the latex-
al forue is less compared with the caloulation affected by swirl (uy » 0 w/w), a greater
lateral force axcitation constant (low Ap_,) emerges in the second specimen calculation,
because the rotor displacement is only hc!f ag much with the sams relative ecoentxicity,
However this remains true only for the above example, becauss for othex machine para=
meters (large Apge) there is a very low K3 (uy, Apye). Whan determining the lateral
force spring constant, with constant peripheral speed the value 1/8pgy i decisive.

CONCLUBION

In ecoentric labyrinth seals, unegqual pressure patterns ocour ovex the cixoum=
ference of the seal due to the circumferential components of the flows in the whirling
chambars. The total force on thé rotor resulting from these pressurs distridutions has
besn determined for various labyrinth configurations. It could be provad that the com~
ponent R of the total foroe lying in the deflection plane of the rotor ims of sscondary
importance. On the other hand the latexal forve component Q acting perpendicularly to
the rotor deflection constitutes a vibration-exgiting factox in the rotox dynamive
which must be taksn into socount, As the investigations show, lateral force sxcitation
constants can be developed for the vibration caloulation. In the presentation fors
adopted, a distinction has been made between the causes of the circumferential flow.
Toxr the swirgling flow into the labyrinth the lateral foroe spring constant should be
repressented systematically as a function of therelative admission snargy 2%, regardless
of the labyrinth type. In cosparable form the influence of the shaft rotation on the
lateral force excitation constant may bs demonstrated, Future work ocught to aupplement
these results so that the expected latersl and rxestoring forces with wacentric whaft
location for labyrinth configurations to be designed can be caloulated already at tha




draft design mtage. The resulting lateral foxce excitation constants will thun allow
better prediction of the vibration behaviour of turbomachines.
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DISCUSSION

i RK.A.van den Braembussche, Belgium

: In your paper you have studied parameters influencing the forces in a stationary (non-gwirling) case. However there
is ulso & controversial and apparently very important parameter in the case of a swirling rotor, namely the difference
in clearance between the inlet and the outlet of the seal*. Have you done or do you intend any measurements about
this parameter, or could you comment on his influence,

Authom’ Reply
We have also studied the ditferent parameters by rotation of the rotor. These results are reported in this paper, but
only f{or the second type of labyrinth. The investigation of the labyrinth gap with a smooth rotor has shown no ;
noticeable exciting lateral forces by axial flow admission and rotation of the rotor. {

' Measursments with variable clearance between the inlet and the outlet of the seal (two fins, one chamber) are not
o done until now. In operating turbomachines this type of seal is normally not used and therefore it is not planned
iy : to test this parameter in our next test program in the near future. The influence of the variable clearsnce has to
b be investigated due to the two reasons of the exciting forces. The lateral force, induced by the entry swirl, is
'1 : incroasing w‘ith the loakage stream by the same entry conditions. The effect is just opposite by the lateral force
due to the rotor rotation without entry swirl, The connection of these two phenomena will give the comparison
‘"'- : with Reference 4. In contradication to Reference 4 the influence of the clearance variation between inlet and
" f outlet is described Ly Spurk and Keiper.*

2 A s TN

D.A.Campbell, UK
Referring to the Authors’ Figure 2, the test configuration (a) has the sealing fing on the outer static member with
a smooth rotor. This arrangement is not normally used in aerogas turbines and it would therefore be ugeful to
repeat the tests with the fins on the rotor and a smooth stator. This would allow comparison with configuration
(b) to determine the effect of steps in the outer member,

Authors' Reply | 3

‘ It is planned to test these configurations too. We expect to get the same lateral forges for the investigations with. jl :
; entry swirl and without rotation of the rotor, when the geometry of the seal is equal to the type (a) of Figure 2.
" ‘ But these studies will show, that the influence of the rotor speed for this new type will be very important.

H.Zimmermann, Germany
Have you done theoretical investigations in parallel to your very elaborate measurements? !

- 4 ' Authors’ Reply

g In the first step the Institute has done theoretical investigations about the numerical calculation of the flow in
eccentric smooth gap seals. At the moment parallel to our experimental studies further theoretical work is done.
It is ponsible to calculate the lateral force, but more information is needed on the coefficients for the various types
i of labyrinths. We want to get these values by our tests. Then a precise theoretical calculation of the exciting

| . forces in sealing gaps can be performed.

H.Zimmermann
Do you know of any damage done to a turbomachine because of this effect?

. : Authors’ Reply
B . Yes, some instability problems, due to these effects, are known, In Reference 6 & steam turbine is described with
2 leakage flow excited vibrations. By disturbing the entry swirl in the seal und the circumferential flow in the
| chambers of the labyrinths, it was possible to operate the machine without vibrationul problems. The same
effects are observed in turbo-compressors with high power density.t The damping of the machinery system was
going negative before reaching normal speed by exciting vibrational forces due to the lateral forces in sealing gaps.

B S i e b i btin T i ks v

\ |
| H.L.Stocker, US a2
i How does the shape of the seal cavity affect your results? ]

. Authors’ Reply
it _ Until now it is not possible to determine this effect exectly. We suppose, that the height of the chamber in L
| counection to the olearance of the sealing fins Is most important. With constant clearance the exciting lateral 2
force will increase by smaller height, ]

* Jﬂlggu{‘:; smd R.Keiper: Selbaterregte Schwingungon bel Turbomeschinen infolge der Labyrinthstrdmung, Ingeniour-Archiv, 43 (1974),
pp.127-135.

. ‘ 1 W.Aicher, P.Jenny and H.Roduner: Untersuchungen an Turbokompressoren: Rotorschwingungen, Schaufelschwinguiigen, Versuche mit
‘g ' schweren Gasen. Sulzer-Forschungeheft 1978, pp.11-18.

|
|
|




THE CONTRIBUTION OF DYNAMIC X-RAY TO GAS TURBINE AIR SEALING TECHNOLOGY
BY
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P.O, BOX 3
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SUMMARY

Rolls-Royce have developed a Radiographic Technique to study the behaviour
of Components particularly seals, during the full range of Gas Turbine operation.
This technique has proved very powerful in its application to a wide range of
engines, particularly during transient conditions.

INTRODUCTION

Historically, the measurement of air seal clearance, particularly at the tips of
compresgors or iurbines, has been carried out using abradable probes, The data re-
trieved from such devices 1s very limited, More recently work has been carried out
to datermine the proximity of the rotating component by building & sensor into the fixed
component. Measurements of capacitance can be calibrated to give clearance measurement.
Another device io the Fenlo type probe used at Rolls-Royce which uses a motor drive to
set a spark gap between a wire probe and the blade tip, An alternative is the optical
type of probe using laser light which may be stroboscopically actuated to impinge on
selected blades, The reflected light is collected by an electro-optic device and the
data 13 procesued to give clearance information.

All these techniques require engine modification and special engine builds, they
are alsn difficult to install in many instances.

DEVELOPMENT OF DYNAMIC KADIOGRAPHY

The application of high energy X-radiography has been pioneered by Rolls-Royce to
provide more detailed studies of component flextures and two dimensional clearances not
possible with standard devices. It has also been a philosophy of our work that it should
be possible to use the equipment on any engine for problem identification and study with-
out special modification. The provision of such & capability furnishes us with an ex-
cellent front line diagnostic instrument. (Ref.l).

The development toward this capability commenced'with low energy (300 KV) X-ray
equipment, flash pulsed X-ray equipment of nanosgcond duration sand medium energy (2.3
MeV) and radioactive isotopes of medium energy up to 2 MeV and limited X-ray output
(12 rade/hr), This early work showed the necessity for a higher X-ray energy level of
up to 8 Megavolts (optimum for thick stwel sections) and an intense continuously pulsed
output of X-rays. It had earlier been supposed that nanosecond duration exposures were
necessary to arrest the motion of components within turbime engines. However, the experi-
ments with isotopes showed that the image did not substantially suffer degradation due
to movements including vibration, and therefore long exposures were acceptable.

The experience thus gained led to the specification of & radiographic eleontron
linear accelerator. This is a pulsed X-ray source with a pulse repetition frequency
range between 50 and 500 pulses per second, Stroboscopic techniques may be used in
which gensed engine rotational speeds trigger single pulses to build up images of
gpecific components. N

Following satisfactory trials in September, 1870, on the Olympus 5063 whore the
movement of H.P. Compressor Labyrinth seals were clearly seen and H,P, Turbine'Root
Seils (Fig.1}, a Radiation Dynamice Limited 'Super X' linac (Fig.2) was purchased with
an X-ray output of 1500 rmm and energy level of 8 Mev. This equipment has been exten-
sively used at Rolls-Royce on over 20 ¢ifferent engine projects, with about 70 installa-
tions: Spacially prepared Linac Test Sites have been provided at the Main Work Centres
at Nottingham, Coventry, Cheltenham and Briastol serving all Aero Engine Division Centres
and the Industvial and Marine Gas Turbine Division.

~ As a result of this activity over 18,000 radiographs are now avalilable for detailed
analysis covering all phases of operation of the engines under study including steady
stutes and a variety of transient engine meanoeuvres.

. Radiographs can be produced with exposure times of tenths to tens of seconds,
providing a time wveraged luinge of a specific engine condition. A very large number
of such radiographs would be required to cover a full enginc operating envelope. It
is therefore nocessary 'n priori' to determine a limited number of conditions in an
engine testing cycle whon exposurocs should be mada.

Thus a gualitative system was devised uming X-ray televisfion (The Delcalix) which
provided a conatant flow of images with an effective exposure duration of 1/25th second
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(Fig.3). This capabillity allows the identification of the most important conditions
which may then be recorded by film radiography for detailed anmlysis. The total
Radiography system is shown schematically in Figure 4. (Ref.2).

lt is our practice to first radiograph the engine when 'cold' and static, thus
providing an image which serves as a reference. Any subsequent radiographs made with
the engine running are compared with this cold static and the relative movements of the
components are determined. This technique assumes that the radiographic parameters are
maintained constant for the two exposures, therefore quality control requires consider-
able attention,

In the initial stages of the work, single radiographs were obtained and measurements
were made using a scale and light bex, It was found that there was a high degree of
subjectivity and the technique was not heing best served. A policy was, therefore,
adopted to develop the previously little xznown and used techniques of X-ray photogrammetry
and to centralise the analysis ot the immges obtained into a single calibrated group of
analyst wusing specialised equipment.

ANALYSIS OF RADIOGRAPHIC IMAGES

To be a useful tool to the Gas Turbine Engineer, X-ray imaging must provide two
levels of information. Firstly, it is required to provide a qualitative 'feel' for the
problem. Such 'feel' can be eegsily obtained by viewing the images on light boxes, over-
head viewers,comparators or video monitors, Secondly, it is necessary to obtain quant-
itative data on the phenomeus observed, and also to look for dimensional changes that
are too small for qualitative assessment.

In Rolls-Royce a number nf methods are used to quantify component movements from
radiographic images. The most simple method utilizes co-ordinate measuring machines,
low magnification optics and skilled photogrammetrists, A 'multi-reading' technique
is adopted and statistical programmes used to calculate an average result and a con-
tidence interval. Despite the apparent subjectivity of this method it provides reliable
data with a typical 95% confideace interval of 0,10 - 0,15 mm. However, many problems
require greater accuracy or a less subjective approach for difficult radiographs. A
custom made video microdensitumeter has been developed to provide a very accurate density
profile across the arean of interest (Fig.b). Suitable algorithrns are used to define a
measurement position within the profile, A confidence interval of 0,05 mm can be obtained
by this method.

Images showing very low contrast can be improved Ly Digital Image Processing or
Optical Processing Techniques, However, care is needed to avoid converting artifacts
into recognisable 'engine components.' Thus a range of methods are available to produce
dimensional data from radiographic images, and a further range of computing facilitles
are available to ussist the engineer in interpretation ot this data.

APPLICATION OF RADIOGRAPHY TQ SEALS

Dynamic Radiography can be used to investigate virtualiy all seal areas of gas
turbines without modification, For this reason, the minimum of 'a priori' knowledge
is required with respect to the components to be investigated. A development englne
experiencing difficulty can be radiographed within days; and various areuns investigated
until the problem is identified. Of course, there are limitatious, the technique 1z
primarily used tc investigate only one two-dimensionel plane (normally a vertical
centre~line), and only data on mechanical matching of compotents is obtained. A very
necessary part of any investigation is, therefore, to correluate radiographic data with
that from conventional instrumentation and engine strip information,

The main influence on mechanical behaviour of components can be broadly categorized
a3 thowe that are speed dependant and those that are temperature dependant with a
corresponding thermal responsc time. These categories can be meparately investigated
by svitable cholice of engine conditions to be monitored. For example, short duration
exposures can be used to investigate speed dependant conditions during s fast accelera-
tion or deceleration. Longer exposure times can be used during slow handling or in the
stabllisation period after a change in condition. The X-ray television system is utilized
a8 previcusly described in order to define the best conditions at which to produce radio-
graphs.

Large format radiographs are used to obtain the greatest information from one
exposure. For example, a rndiograph of a turbine tip seal will also yleld data on all
associated disc seals and gulde vanes. A fixed datum is also used to allow the meusure-
ment of ‘absolute' movements. For example, the diametral change of statlc and rotating
members uf seals can be calculated in addition to the change in seal clearance.

Labyrinth air and oll seals cuan be rendily imaged in most arses of the engine (Figure
6). Good data can be obtained on axial and radinl movements of both static and rotating
components. This data can be used to ovtain optimum bulld setting of the seal, and also
for protiling of the static component if large axial movements occur. If the rxial move-
ment is too great then the source can be identified and & solution devised. Difficulty
is only experienced when the metal path thickness i@ over 250 mm as can be the situation
when seals are inboard of discas, large flanges or test bud structurc,
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Shrouded blades are radiographically similar to labyrinth seals and only on larger
engines does the metal path thickness become a severe restriction (Figure 7)., On air
cooled blades additional information is available on seal plates, pre-swirl rings or 1
cover plates, Guide vane and root seal movements csn also be observed,

Uashrouded blades present a differeat problem, the metal path thickness of the
blade ias small relative to total thickness to be penetrated. For this reason, it is ,
not possible to reliably image the tip clecrance. However, a close approximation to K
tip clearsnce changes can be obtained by measuring blade platform to inner casing
dimensions (Fig.8). The unknown dimensional change of the blade aerofoil can be cal-
culated with reasonable accuracy.

A number of other phenomena are worthy of note in relation to seal performance.
Shaft lift on squeeze Iilm bearings and shaft whirl can both be monitored radiographically.
Casing distortion can also be observed by changing the orientation of the X-ray source.
Bearing loads can be estimated by measuring deflection of support structures, and meal
support diaphragms can be used in a similar manner to estimate pressure loads,

A CASE HISTORY

This particular radiographic exercise is used to illustrate many of thepoints
discussed in previous sections, The problem concerns an indus’rial engine that expsri-
enced seizure following an emergency shutdown from full power. The high pressure spool
remained seized for between four and six hours. Initially it was thought the casing
was cocling quickly and clamping the blade tips, which were not relewsed until the discs
had also cooled. However, an increase in tip clearance had no effect on the seizure
characterigtics, and a decision was made to use radiography to diagnose the cause, !

A number of seals were identified as being potential causes of seizure, including
all blade tips (Fig.9). A full programme of radiography was completed, including engine
handling and a simulated emergency shutdown. The radiographs were analysed, and the
results given as orbital plots. Figures 10 and 11 show the results obtained at the turbine
and compressor tips, clearly indicating no contact during the six hour cooling period,
Figure 12 shows the result from the H.P, Turbine front disc seal, indicating a possible
light engugement for a limited period. The results from the H.P. Turbine rear stub shaft
seal however indicates the maln cause of seizure. Figure 13 shows a radial tightening
of the seal and a large axial movement, causing heavy engagement of the seal honeycomb. 4
Consideration of results from the radiographs of engine handling clearly showed that the
honeycomb causing seizure was not contributing to seal performance. Profiling of the
seal could therefrore be carried out with confidence that the problem could be overcome
without reducing engine performance.

From initiation of this test it took just cae month to demonstrate a successfully
modified engine. A bonus was alao available in texrms of a detalled knowledge of every
seal in the H.P. spool.

CONCLUSION

Gas turbine manufscturers continually strive for higher efficiency with lower main-~
tenance costs ~ the dream of every operator, This target of improved efticiency leads
to hignher compression ratios, higher turbine entry temperatures and & requirement for
improved sealing efficiency. The task of the designers ia thus becoming increasingly
difi{icult, particularly in the prediction of transient response,

Dynamic Radiography provides an ideal empirical feedback of engine mechanical
behaviour, This information can be used to reifine theoretical predictions, and to
'tune' each seal during eugine development. 'The unexpected problem c¢an also be identified
with great opeed, and sufficiont data collected to enable rapid solution,
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Fig.1 These sections from two radiographs show clearly that a turbme seal disengages
axially at one engine condition, although normal at another.
: The shift can be measured accurately

Fig.2 “Super X" mounting 4 degree of freedom mount
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DISCUSSION

H.L.Stocker, US
How do you approach the problem of circumferential variation in clearance such a3 case ovalization?

Author'’s Reply
Mounting the x-ray source at different trangential positions allows variation in circumferential clearance to be
quantified. Additional information is also available from correlation of engine strip data with x-rey results.

R.A Hartley, United Kingdom
Is it possible to investigate oil/air leakage across seals by the introduction of radioactive isotopes into the oil/air?

Author's Reply
The only poasibility for investigating oil/air with x-rays is to dramatically increase the attenuation of the oil/wir,
This wouid be the equivalent of the medical barium meal. However, it is not practical to use this technique,

G W.Fairbairn, United Kingdom

When obtaining the radiograph of a shroudod turbine tip shown In Figuve 7, what was the thickness of metal
penetrated?

Author’s Reply
The metal path thickness was approximately 175 mm. Thicknesses of up to 300 mm of steel can be penetrated.

D.K.Hennecke, Germany

Do the x-rays penetrate tho ongine paraliel or in a cons-like way? If the latter is true, what is the cone angle and
what are the srrors resulting?

Author's Reply
The x-rays are emitted as a cone of radiation having an Included angle of up to 17°, This results in all radiographs
having a geometric magnification, dependent on tource t¢ object and object to film distance, It is also necessary to

align the beam to the subject under investigation. Areas out of alignment display obliquity effects which would
rosult in errors of measurement.

i




EXPERIMENTAL RESULTS ON HIGH SPEED DOUBLE MECHANICAL SEALS
by
Enrico Bollina1, Corrado Caeciz, Ennio Maoch13
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SUMMARY

A facility for teating high speed mechanical seals ia described. Its main features are:
(1) the possibility of continuosly varying the rotating speed up to 60,000 rpm; (2) the
possibility of independently selecting the flow rate, the pressure and’the nature of the
mealing and cooling fluid; (3) the seal power consumption ig accurately measured by means
of a force transducer.

The performance of a number of double face mechanical seals having different geomatries
was invostigated on this rig. Results concerning the mechanical losses and the leakage
flow rates of these meals under various operating conditions are presented and discuased.

INTRODUCTION

The adoption of face seals is undoubtely attractive in a wide range of turbomachinery ap
plications, their main advantage baing the low rate of fluid which leaks through their
faces (often in the range of a few cubic centimatres per hour or less), When gases or vi
pours are to be sealead, the wo-called “"double face seal" can ke uged. It comprises two
single face seals, between which a sealing and coolant liquid is injected, usually at a
pressure larger than the one of the fluid to ba sealed. While face seals today are mass~
produced for low lgood applications, their umse in high speed turbomachinery is still li-
mited. Actually, when the rubbing speed increases, several problems appear:

1) the leakage flow rate increases) according to the Mayer correlation i1|, represented
in Fig. 1, Lf the sliding speed is inoreased from 2 to 100 m/e, the leakage rate will
be multipliecd by a factor of about 500;

2) the power consumption increases, mainly
because of high turbolent losses ocour-
ring in the coolant; for instance, an
example im quoted in Ref. |1| where a
seal running at about 18,000 rpm (rub- 1000
bing speed 85 m/s) has a '95 kw povwer con
sumption due to turbulent lossas;

3) high wear rates can take place; further
more, heat oracks can damage the saeals.

The theoretical study of high speed face 200

seals meems unfortunately gulte difficuit,

becauxe of the interrelationships ocourxing

betwaen thermal and fluid dynamic phenomena. "

Reliable design methods, accounting for voo ~

lant f£fluid and face materials properties,a- E

re not avallable. 10
s
"

T

(LRA1LLU]

At C.N,P.M, (National Center for Research

onh Propulsion and Energetics), research on
closed~cycle power plants, opearating with
various working fluidg,is going on sinoe
several years. In most of the fore seen ap~-
plications for these engines, the availabi~ 1
lity of reliable high speed seals is a oru-
clal point.

Double face mechanical seals, using the fluid
working in the gowcr aycles also as sealing
and coolant f£luld, are particularly attrac-

¥ ring

wt J 33N

tive for thase applications. It was thore- At taud b L Uiles
fore decided to carry out an experimental re 1 10 00 1000
search on these seals, u mis

In this paper, the test rig built for this

investigation is dasoribed, and some results Piy. 1 « Mosdimensiona) leaknge rate
concerning a number of double seals of va~

rious geometry are pressnted and discussed, ve. the sliding apeed.

DESCRIPTION OF TEST FACILITY
In designing the test rig, a number of requi

A e oA i o e | Ao oA i e o S . A i1 s e
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rements was taken into account:
a) the seals should be teated at various speeds of revolution, up to very high speeds;

b) the pressure, temperature and flow rate of the sealing and coolant fluid should be in
dependently varied;

c) various sealing media should be tested;

d) the power consumption of the seal must be measured with good accuracy;

e) leakage rates, averaged on a proper amount of time, must be determined.

Among the various considered solutions, the one represented in Fig. 2 was chosen,

\)

1~ oil mist lubrication feeding tank
2« oll mist lubrication discharge tank
3~ multistage centrifugal pump

4~ sealing fluid loop flexible pipes
5~ water cooled heat exchanger

6~ membrane pressurizer

7~ pump by-pass loop

8~ compressed air impulse turbine

9~ supersonic nozzles

10~ coftpressed air main feeding

11- nozzla flexible feeding pipes

12~ turbine discharge

13~ calibration weight

14~ calibration graduated arm

15~ rpm magnetic pick-up

16~ flow rate measuring diaphram

Fig, 2 - Test rig plant,

it o e
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As ghown in the figure, the seal to be tested is mountad overhanging a shaft supported

by two couples of angular contact, spring pre loaded, oil mist lubricated, bearings; the
shaft is driven by a compressed air impulse turbine, fed by six supersonic nozzles; the
sealing fluid loop camprises a multistage centrifuga) pump, a water-cooled heat exchan-
ger and a membrane pressurizer; the pressure and tha flow rate of the fluid circulating
in the meal are ocontrolled by means of a by-pass loop and a throttle valve. By acting on
the aiv pressure at the turbine inlet power input variable from 0 up to 20 kW can be set,
with revolution speeds up to 60,000 rpm.

|
O I NN \\4“"/"“%
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Fig. 3 - Shaft mechanical arrangement,

As shown in Fig., 3, the bearings and the seal casings are independently mounted on ball
bearings; their rotation is counteracted by two force transducers, which therefore measu
re the reaction torques caused by the losses in bearings and seals. It is believed that
this direct meshanical measurement is more precise and practical than heat balance measu
rements. The system can be easily calibrated under operating conditions by simply apply-
ing known weights on a graduated arm (see Filg.2).

I+ was found that it is necessary to repeat this calibration for every variation of the
sealing pressure, which has an influence on the elastic reaction torque exerted by the
pipes of the sealing loop.

The speed of revolution is measured by a magnetic pick-up, visible in Fig. 3.
Eventually, the leakage rate is measured by collecting the leaked fluid in a given amount
of time in a graduated tank.

All measurad deca (reaction torgques, rpm, sealing fluid temperature and pressure at seal
inlet and outlet, sealing fluid flow rate, etc.) are sont to a data acquisition system
and then computer processed. Controls of power absorption measurements are systematical-
ly performed, by comparing the mechanical power (torque ¥ angular velocity) to the sea-
ling fluid theimal power (flow rate x enthalpy jinorease across the seal).

The test rig was completed in July 1976. Since then, it haus satisfactorily operated for
more than one thousand hours of teats.

DESCRIPTION OF TESTED SEALS

A number of mechanical seals were designed and built, with the cooperation of an Italian
firm operating in the field. The various semls arrangements are represented in the follo-
wing serles of figures, while the salient g:ometric data are given in Table 1.

All seals are double, i.ae. they have two contsct faces, separated by a room filled by a
liquid which has the triple function of lubricating, ssaling and cooling the sliding
facen.
The seals A, 8 and C are "axial"; the sliding faces are at different axial positions and
operste at the same speed. Being symmetric, they don't exert any axial thrust on tha shaft.

Tha seals D, E and F are “radial"; tho sliding faces are at the mwe axial position and o
perate at d.fferent speeds.

3 Yt I A i St ot b S Al
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Fig. 4 - Geommtry of seal A. rig. 5 -~ Geomatry of seal B,

The seal A is made Ly a rotating disk, mounted floating on the shaft by means of two o-
rings; the two sliding faces on the disk are of tungsten carbide; the stationary aelements
are made of graphite and spring loaded. The sealing liquid is brought in and out by means
of the holes shown in Fig.4, and the turbulence chamber is in the outer part of the seal.
Seal B is :wade by two rotating disks, mounted floating on the shaft; the stationary gra-
prite elemants are central and the turbulence chamber is in the inner part of the seal,at
lowsar radii than in solution A.(See #'ig. 5)

Seal C is identical to geal A, with the only exception being the holes and the radial
groovas in the graphite elements, represanted in Fig.6.

Seal D |2| 1s made of a stationary graphite disk with six holes which bring the sealing
fluid in an anmilar grocve, which substitutes the turbulence chanber of the previcus seals;
the rotating disk ie axially floating and its contact pressure is governed by the springs
load and by the hydraulic pressure of the soaling fluid, which acta on the hack surface
of the ring. (Ses Fig, 7)

Seal E is cimilar to D except for the outer diameter of tlie back surface of the rotating
disk, which is larger, thus yielding a larger hydraulic load. Eventually, seal F has a
floating stationary disk, spring and hydraulically loaded; the rotating disk is similar
to the previous ona, but doesn't have springs. (Bee Figs.8-9)

TABLE 1
SPRING  INTERFACE  HYDRAULIC y MEAN
SEAL AREA SLIDING FACES MATERIALS poeuypus

LOAD SURPACE  SURFACE
{N) (mm?) (1m2) RATIO (um)

55 465 506 1.09 Tungsten carbide/graph. .05

5% 226 95 .42 Tungzien carbide/graph. .05

5% 369 Tungsten carbide/graph. .08

75 4M 200 Ni-Resint/graphite A

75 471 N Ni-Resist/graphite A

75 an 483+331 Ni-Rosist/graphite o1

- B .:;;a
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DISCUSSION OF RESULTS

A number of tests were performed for all the above described seals, at variocus operating
conditions (ypm, pressure and flow rate of sealing fluid). All tests were carried out
with water as sealing fluid. An investigation of the influence of the properties of the
fluid is planned in a future series of tests. Just the "overall performance” of the seals
was investigated, i.e. the power consumption and the leakage flow rate,

During the tests, the sesaling fluid pressure was varied from 1 to 8 bars over the atmo-
sphere; a lower sealing prassure ivas kept for tests on seals D, E and F in order to limit
the axial thrust on the shaft. The whole range of speeds of revolution was investigated,
from O up to the speed at which the "opening"™ of the sealing faces occurred. Ths flow
rates of the sealing fluid across the seals were in a range of 50 + 500 l/h; however, it
was recognised that this parameter exexrts only a minor influence on both losses and leak
ages, provided it is sufficiantly high to aveid the fluid overheating.

1) Maximum speed of revolutjon

As said above, for all the seals the "opening™ of the faces oceurxed at sone speed of re
volution; this speed varied in thea 20,000 + 40,000 rpm range for “axial® seals, and in
the 10,000 + 20,000 rpm range for “radial® seals.

This "opening" is probably caused Ly the large increasge of the interface pressure occur-
ring at high speeds of revolution; the sealing pressure increass delays but doesn't a-
void this process. For "radial” seals, the variation of the area ratio from seal E to
seal F yields just a small improvement (see Fig. 20).

It is to be said that for the "radial® seals, the axial thrust produced sowe shaft vibra
tions, which probably alter the phenomerion; modifications on the shaft arrangsment to
avoid this problem are &already planned.

2) Power consumption

Results concerning the power consumption of the various seals are given in Figs.10~17 in
terms of total friction torque.

The obtalned rasults suggest a number of considerations, which are given in the 1 llo-
wing:

a) influence of speed of revolution

& large increasge of torques in experienced at high speed of revolution, due to turbulen
ce losses in the psmealing fluid caused by the rotation;

b) influepce of gealing pressuce
In general an inocreases of wealing pressure yields an increase of friction torque; howe

vex, the relationship between these two quantities is a rether complex function to bae

predicted; for exwmple, for seal B, the increase from 6 to 8 bars produces a torgue de-
crense (Fig. 15}

o) influence of seal geometry

- the “axial” seals have a power consumption larger than the "radial" ones; this is pro-
bably due to the better lubrication obtained by tlhie last oneas;

~ the differont layout of seals A and B doesn't seam to have an import.nt influence on
losses (Fig. 13); howaver, a lower increase of losses at high rpm can be recognized for
seal B, having an inner and smallex turbulence chamber;

-~ the presence of grooves has a marked beneficial effect on lorses, ag shown in Fig.14;
this can be explained by the Mayer theory [1| ; the power consumption at low speed is si
milar to the one of “radiul” seals;

~ the area ratio influences the friction torque, as shown in Figs. 16 and 17,

3) Leakage flow rate

The obtained result ars represented in Figs. 16-20.

For “axial” seals A and C the peculiar behaviour cocurring at high speeds can be obser-

vad: an inversion of leakage flow ocours, and the liquid travels from the low pressure

to the high pressure region.

This can be explained by the "pumping” eftect of the rotating disk at high speed; when

this ocours, extrensly high flow rates take place.

Comparison between rupults of Figuxes 18 and 19 shows that the presence of radial groo-

ves, which yields a far batter power consumption, causes a remarkable increase of leak

ages, due to tha largs gap height conle?ucnt to the hydrodynamic action. As far as the
®

:;ndiul' ssals are concerned, very low leakage values are found up to ths "opening” of
e seal.

CONCLUS TON

The described seal test rig has proved to be an efficient and ieliable tool for testing
high speed oporation of mechanical seals. None of the tested seals exhibitsd a complete
1y satisfactory high apesd Lehaviour. Very high turbulence lossss were found for “axial®
seols) the presence of radial grooves decreases the friction torqua, but ylelds high leak
ages; the “"radial" seals have a good performance, both in terms of power conaumption and
leakages, uy to moderatas speeds, but fail at high speed, due to the sudden "opealng" of
sealing faces. Purther investigation is required for a batter understanding of phenomana.

REFERENCES
1 E, Mayer - Machanical GSoals - II English EBdition - London =~ ILIFFE Books - 1972,
2  Ttalian Patent n® 23089A/77.
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DISCUSSION

J.AMillward, UK

|
! Were any measurement or observations of wear rate for the various seals made, i.e. is it possible to comment on the
1 relative wear rates of the various designs?

Authors’ Reply
We did not carry out any long wear tost and no wear parameter was recorded; only a serial check of the seal stiding

i faces was mads during the testing. However, no significant wear was recorded after an initiul period of adjustment
. of the aliding fsces.

} Alio at high speeds of revolution, no wear appeared if a proper cooling and lubricating flow rate was guaranteed, ‘
Due to the lower power absorption of the “radial™ seals, lower woar rates were noted in these types of seals,
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SYSTENS FOR THE NTASUREBMENT CF ROTOX TIP CLBARANCE
ARD DISPLACNYENT IN A GAS TURBINE

by
0.R. Amsbury and J.N.H. Chivere
Slestronios and Instkrumentativn Research Department
ROLLS~ROYCH LINITND
PeO¢ Nox 31
Dexty
W2 6ny
Unided Kingdow

thw rotor tip olearancs system oonsists basivally of a stepper wotor driven insulaved wire whioh is
polarised at a high voltage and whioh sparke to the rotor blade tips when within a cextain distunos.
The incidonos of sparking is deteoted and the radial iwsexsion of the wire is Astexmined by
eleotronically couating she motor drive pulses. The displacwment systeu is based upon & capsoitasos
tzansducer specifioally designed for opsrasion witkhin a gas surbixe a% teu:peratures of up %o 600 Jdegress
Cenbigrale and pressures of 700 psi. The \rausducer oapacifsnce which im a fuotion of probe/rotating
seal u‘:lou-.nu is oonnsct¥ed into the feedbaok loop of mn mplifier, the cutput of whioh im proportionul
to qlearance.

A SIEPRING NOTOR FROBR FOR NEASU:IXNENT OF BLAUE TIP CLUARANORS

The aysten %0 ba desoribed, was developed from work dons a faw ysars ago on ommpeasnt profile
inspootion and with it & number of sucosasful runs on $est bod engines have besn wahiewed, both in
ocompressor and tuwrbine envircoments.

The principie usid is very simple and not news A wixe probe is sleotrinally polarised and fed
towsrds the rotating blades until it is discharged to the blade. The chunge of voltage which then ocosurs
is used to osume the prode to retraos until the vilitage i re-establisled, when 1% is agein fod towerds
the blades. When the prodve is sensing a wurfene it im onnsicuously osolilating about O2m. The
wotion of the probe is continucusiy monitoved mnd dimplayed.

By using modern Seohuiques and cosporsnts & probe has been consiruoted whioch has a famt encugh
responss Yo follow sngive handling oonditioma, with the exveption of gompressor sarge, and the probe is
small eunough to £it under the cowliigs of a typical engine.

The ou:vent design has & useful mrasuring rangs of “mm and a wpeed Of yesponse of wm/wea. The
repeatability is +.02mm and nmwz 4.03am. The probe doss not measure tip olearance direotly but the
distande from a reference datus %o ¥he blade tips. The stabilidy and position of this datum with

reforency $o the insids of the sigine ouaing is obviouwly impordsat.

The probe may be divided intc Uvo esations, the wechanioal deive hesd, wnd the stem assembly whioch
fits Laso the enyines The lavtear ie sudbject to ro-design Vo sult different engines.

he head Genl#‘lﬁl of a siainless stesl body (A) which oan wishs o0oling air pressures up %
2100kPa (400 PI).  This houses & modified mmall mm.ncnom (B)s The rotor nf this motor is a
permunent maguet and the oxiginal shalt was removed, nagnst was bored out and & new bronwe shafl
fittad. Thiw shaft is dnternally thxwaded %0 Korm a roSating nut, and sxteinally carries two ball race

The lendscxew (0) is guided by the extended bearing housing (D) avd prevented fxom rotuting by the
aroes pin (M) 4u & slot in the howsing: At ke resr & ssparete spring losded nut taloss up end play in
the bearisige ond leadsixex asmenbly.

™hae motir end plutes are bored ouk 40 looate n spigots on thw housing end the stator 1s held in
plere gz four worew; and look puts. A small vent hole s ¥he rear allows s flow of cvoling aix through
the motor.

The frout of {he body houses an insulated Ball and socket ocupling %o the probs sensing element, and
the high voltage conneabicn, inoluding sa interferense suppressing resistor (al. Nounbed off the
beariig housing is & baokstop whioh the probe »eturna o in the xetrasted position.

The uies shown ie denigned foxr the Lower wcmperature environwents sush as conpreasvxs, and sonsisss of
& stainless stesl tube having a cermmic tubulay inmsulator dowm which runs the probe sensing element, »
straight studnless sbeel wire,

Yhe whole probe is mounted off a bows ov this tube, 40 be located as near thw mossuring wous »e
pxsatdoil. In thie oase the wear of the stem 44 supported in aliding eeals in the englme bypass duwat.
The oooling alr prweswre prevents hot coupressor uir from entering the probe by travelling up the stea.
High Teapexature Stem Cometruotion

This &4 shwws the type of stem construotion used Lor tip clearance memsurumenis in & hoby tuibine
onvirosssut and 1% hes operabed sucosssfully up %o 1800°K,




T SRS
KRkl

It oousists of » Nimonic tube (A) which is locabed frem the turbiw shroud ring by the dayonet fixing
srrangement showni. The tube housss & oeramio insulator (B) of ths orces seotion showm; ithis sllows a
ssparels fead of oovling g, nitrogen, vhioh travels to tha $ip and lseps it at a reascusble
teuporature. In this case the probe body is indspendsntly mowntod and ocuneated by a lookable
telescopio ooupling hawing a ball and socloet jJoint at sach end $o0 allow for axial mis-aligument.

I¢ wil) be sesn that o probe santing element in this sase has a small "flag* pear its ous end, when
the probe 1is retxected, this flag contaots the lunar earthed surfece of the probe stem cnd this forms a
rear datum fa0e from whioh measuremenis wre made. It is loostsd alose to the gap 4o be measured, and
thus vary wach reduces srrors &uwe o thermal expansion of the be and stew. It dows however pose

pvblems with probe replacement and it is nos always convenlsut $0 use this Sechaique.

Blyctromio Cemtrol Syuten

mmuwnmuw:wm.mommrmu-uohuum.mmm;

stor (R) of about 2000 otms. By this oysten the curreni passed
from the probe to blade is ssused and not ochangew in probe vollage.

It is dons becauss it results in much less eleotrical interference into the following loglo civouits.
Uonisiderable yresavtions have $0 be taked when one is aitempting to operute high voltage sparking
oirouits in sloss proxisity to elestrouio loglo slemnts.

Aoross Resistor () is developed a small volsage when the probe sparis to the blade, this is filtered
10 remove offects from blade passing frequencies and other short duration treasients and the resultant
signal is oompared with an aljustable referenmcs volbtauge by the comparator. The level of its outpus
denctes whether to feed the probo in or oud and 1t ombrols the motor dwive logio. It also feeds the
up/bown Line of s reversible eleciranis ccunter. A aléok gensrador feeds both the motor logio sat the
ocounter, the froquenoy of this cloak controls the motox speed, it is in the rengs 2% o 50Hs.

The eutput from the scunter feeds a digitsl 40 wsalogue cotwerter whose DU cudpus is a messure of
probe position.

This 1s an inoxremsntal syshen which may be merced with she probe ad amy position. Ia preotios the
probe is slvays switohed oo and datumed &8 the baokwtop, either she internal one or the sxternal one
shown on the high temperature stem.

Opexsuticn

The probe polerising voléage nov used is 350V DO, This is not sufficient to cause any appreciable
gop beatwwsn the probe tipy and bdlede tipe, hencs the probe xubs the blode and suffexs wear,

Ry careful adjustusnt of the referwnos voltage in the comprrator the rub is very light, md a Vypioal
wear figure is .O2m/uin. The eetting iu made in $he Labor/tory by bringing the probe up to a
rotating soothed wheel, it dose not meed frequent re-sdjust ant, Higher polarising voltages have been
tried, wp %0 2XV. This results iu a spark gap st lower w«.blea¥ preswsures, but with cospressor pressures
up to seversl NPa, totally imprestical polarising vultauge: wouid Le required o atill sainsain sny spark
E5p. Henoe ome atill haw & rubbing probe at the engine oonditions of greater interest, and an
wi-calibrubed «rror gap At lower preswures; oonsequentl, it vas decided %o bewe a known rubbing
ocndition ab all apeeds amd pPressures.

To obtain & reascuable probe Life the probe is not left in she iwasuring position longer Shan
nsoossery $0 yeoord s reading, usually about 1 §0 2 ssoonds is surfictent. During eugioe scocelerations
and doosleraticas, louger mewsuremsnt times are of courss, required, to obtain the #ip oclearsnse profile.

Yo taloe into wocunt xrobe tip wear, nsamuensnis are made at frequent intervale with ihe engine
sither “:’.hﬁm or rotating as a lov speed, vhere oonditions can reascnsbly be assumed %o be stable and
epua Lo

Failures io use have coocured during dsvelopment, the mosot ocmuon being oonduotive deposits building up
aoxross the end of the ocersals imeulating tudbe at the inner ende This is partioularly noticesbls in a
turbine savirommsnk. T mexissm length of time ashieved wo far in this case is about 5 hours ~ this is
engine rumning tixve, no¥ sotual scvasuriag 4ime, a typlosl time achisved lwre is s Wtal of 20 minutes
ompising some 110 spol messurements and 6 scosleration tests when khe probe vas measuring
sonkinuously for about 60 med. eash.

Tyrioal Grephs

Ourve | 4» & plot of cumpressor tip oclearance againat time., The engine was acoslerabsd to max conditicn
sfter 6 miutes at ground 1dle speed.

Cwrve 2 1s a plot of 4ip clearanos on & similax compressor done by X-Ray Sechuiques.
Gasve ¥ 18 & plot of t4p olearence on s turbine test rig havicg gas teamperatureo up to 1600°K,

DUNPLACKNENT WRASUMMMENT AT HIGH TIRIPERATURE IV A GAY TURNINS

This paper desoxibea the construotion and operation of a cspscitance displasement transducer which has
bost doveloped primarily #o measure $the olesrance between rotating and s¥ationary componsnts in & seal,
The prisery ressons whioh led to0 the msleotion of & ocapasitande teolindque for this meesuremsnt ave i~

S
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The transducars is non-oontacting. A non~oontasting techuigue is essential as the messureasnt must
be mnde between oomponents with a rotational spessd differentizl in the corder of 3500q/uu.

Very low temperature/pressure onefficient. As the txmnsducer contaius no ¢oils or elentronde
ocomponsnis and ths permittivity of air ohanges littls with temperature and pressure a aspacitance
based system exhibits good wtability throughout the high and trensient temperatures and pressurvs
ensountered in gas turbines.

The transducer is simple and uechauically robust. These arv undeniuble advantages for any devioe
required to operats reliably in olome proxiwisy %0 o gas turbice.

The oapacitance transducer in its basic form consists of two concentrio slectrodes, the innsr one
being the sense sleotrods and the oubter one hw gusxd slectrods. Nach eleotrods is insulated from the
other in additicn to0 being insulated from earths The oapacitance formed betweon the sinse eleoirods and
an sarthed aonduoting target which is plused in frout of the transducer is used as the negative fesdbaok
elengit in a high gain amplifier whioh is driven by an osoillator. The amplifier output is dsmodulabed
and riltered, the resulting voliage being proportional #o0 the clearance bstweon tiw ssnse slectrods and
the target whioch in this appliowtion is a rotating weal oocmponent.

e guard systea serves o oompletely soreen the baok and wides of the wmense siectrode, the
oonnsoting wire and the electronic componsnts from the earthed surroundings. Thus the saall
oapasitance (in oxder of 1 ploofarad) betwesn the front of the sense electrods and tha earthed engine seal,
which is a funotion of the separation of She two ocomporents,is measured in isolation end is not masiced by
the large fixed vupaoitance to sarth of the transducer and oabling.

The initia) system requiremsnt was to measuxe & olearance of between t and Gam under oonditions of
teuporature and pressures whioh varisd frow 20 degress Centigrade at 100kPa to 600 degrees Centigrude at
2ePa with an acouraoy of +i% full soale,

In oxder that the transducer should survive in an environmsnt where the tsmperature can reach 600
degrees Centigrade the insulators used have $0 be manufsotured from inorjanio materiuwls. The sanse
oleotrode in insulated from the guardi elevtrode and the guard eleoctrode 13 insulated from the onrihed
transducer body by mesus of %wo alumina bead insulaiors of different disssbsery. Thus the transducer
body is at earth podvential and oan bs directly atstashed to the engine metalwork,

The oable to the transducer is subjested to the ssme conditions of tesiperature and presmure as the
transducer istelf and is thus minerally insulated. It is of & double soresmsd coavial constxuotion
with an outnide diwmeter of Jmm - the centye aomdustor ocnnsoting %o the sense elootxods, the inuer
sareen oonnsoting to tha guard slackrods and the outer sureen baing at earth potential. The sabliug is
changsd %0 a single woresned P.T.F.1. insulated oocuxial asble vhan the leadout resches the exterior of
the engins whare typioally the temperature is¢ less than 200 degrees Centiyrade. This change of oable
type helps to keep $he high standing capacitance of the minerslly insulated oable %9 & minimm and also
muu.u- :}ndnu & the PI'M cable im auch moxe flexible than the stainlens stesl minerelly

ulated osble.

In prackice, ths transduocer ws demcribed, has given very encoureging results, Initial problems were
oonlined to diffioulty of lawtullavion when using a sheet mion inmuiabor in place of one of the cermmie
inswlators, Howsver, two problesms have persisted witil recently in one partioulariy severs sugine
appliostion vhare the tranvducer 1é subjeoted to an cooasional aold wator/kerossne mixture apray.
Athough olsarancs racdings are not required whilst the transduser iw wet the oombination of wetting amd
temperature oyoling severely tests the transduser sealing, any fallure lesding to losw of inmsulation
resistance between electrodus dus ¢o ingress of moisture. This problem ham heen relisved by the use of
tighter toleranos cersmic waterisls for the insulator and a better quality control during mamfsodure.

The seaond problem arises after saveral hours of operation and is omused by the forwation of a
oonduotive aoating soross the trensducer eleotrodos whish again has the effect of lowering the interw
slectrods rosistances. As the vater/kKercssna mixture is heated to a high temperature the kerosens tends
to oartuaiup thus leaving a tiin acaduotive layer. After saveral layors have been built up by
altornutely wetting and heating the transducer the insulation remisianse can fall to a level whioh
affeots the system vleotronios. One possible solutlon heing exsuined involves oovering the sense and
guard sleotrodes by u thin cermuio diwe thus preventing wuy contssination of the transducer from
atfeoting the inter-elsotrods resistances.
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Transducer is non-contacting

Very low temperature and
pressure coefficient

Transducer is simple and
mechanicaliy robust

Can be fabricated to withstand
very high temperatures

Fig © Capacitive system features

Fig.6 Tranuducer electrode configuration
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£ Transducer Temporature Range:-

g System Measurement Range:-
- . Raquired System Accuracy:-

Transducer must be non.contacting

“ , | Transient response raquirements:-
‘_,P |

E Temperature:
Pressure:

Fig.7 Capacitance system schematic diagram

0-600 degrees centigrade
100-2000 kPa (16-300 psia)

1-6mm

+1% Full Scale

G-620Hz frequency response
£00°C change in 10 seconds max.
1600 kPa change In b saconds max

Fig.8 System design criteri
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Fig.9 Redesigned transducer

Inadequate transducer sealing — unable to
cope with the combination of repeated
wetting and temperature cycling. Water
absorbed through microscopic voids in the
ceramic to metal braze caused by small
variations in concentricity of ceramic bead.

Build up of a conductive coating across the
transducer electrodes caused by repeated
wetting of the transducer with
water/kerosine

mixture followed by heating to a high
temperature. This problem unique to one
particular research gas turbine.

Fig.10 Long term operational problems
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DISCUSSION

D.A.Campbell, UK
In the stepping probe described for compressor measurements, appreciable errors due to differential thermal
expansion would be expected. Would Mr Amsbury please comment on the possibilities of reducing these errors.

Author’s Reply
Eirors due to temperature, and hence expansion differentials between the probe wire and stem are pressnt. To
minimize these we are using low expansion alloys for these compenents, and are measuring the temperatures
attained under engine running conditions. We can then either use calculated corrections, or choose materials to
give minimal error at normal running temperatures,

J.G.Ferguson, UK
What is the measurement resolution at a probe clearance of 6 mm?

Authors’ Reply
It is important to differentiate between resolution and accutacy., Although the system described has an absolute
accuracy of £1% full scale l.e. 0.06 mm for a 6 mm range probe the resolution is an order of magnitude greater
than the accuracy. Thus for 4 6 mm range probe the resolution is 0.006 mm (0.00024 inches).

H.L.Stocker, US
Have you correlated the rotor tip clearance system you have described with the X-ray technique presented earlier
by Stewart & Brasnett?

Author's Reply
Slide 4 shows 4 comparison with X-ray results, This was done some 3 years ago. The X-ray techniques have
improved considerably since then, We have no recent comparative results, As far as we know X-ray measurements
have not been taken yet during engine handling conditions (l.e. during acceleration or deceleration tests),

B.Wrigley, UK
Could you expund further on the accuracy of the capacitance probe, please, with respect to its absolute accuracy,
rather than quoting it in percentage of full scale, (Please see answer to following question.)

P.Suter, Switzerland
I understund that you are using diffsrent probes for the range of 1 to 6 mm gap or clearance width. Could you
comment on the absolute accuracy of the different probe/gaps.

Author's Reply
I will deal with the questions from Mr Wrigley and Mr Suter together as they are closely telated.

The absolute accuracy of our capacitance probes varies in proportion to the magnitude of the full-scale range.

For example, a probe designed to measure a maximum clearance of 6 mm will typically have an absolute accuracy
of better than 0.06 mm in the range O to 6 mm. For a probe with 4 runge of only 1 mm the absolute uccuracy
will be better than £0.01 mm. In both cases changes in clearance can be measured with much greater certainty,
typically to £0.015 mm and 20.0025 mm for the 6 mm and 1 mm range probes respectively.
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DETERMINING AND IMPROVING LABYRINTH SEAL PERFORMANCE
IN CURRENT AND ADVANCED HIGH PERFORMANCE GAS TURBINZS

by

Harold L. Stocker
Supervisor, Flow Systems Group
Internal Aerodynamics
Detroit Diesel Allismon
Division of General Motors Corporation
Indianapolis, Indiana 46206

SUMNARY

The leakage rate of the labyrinth seals incorporated in current and future advanced
design gas turbines strongly influences the performance level of the engine. Labyrinth
seal denign and analysis technology, however, h&s not kept pace with the advances
schieved in 'the major components of the gas turbine. Thersfore, recent investigutions
were undertaken to (1) determine the aerodynamic performance of conventional labyrinth
seals employing abradable and honeycomb lands, and (2) develop an advanced design laby-
rinth seal which would significantly reduce leakage.

Abradable and honeyoomb lands were evaluated with a conventional
straight~through seal using a static two-dimensional (rectangular
flowpath) seaml rig and a rotating three-dimensional seal rig. oW
Test results show that some abradable lands leak significantly

more than a solid-smooth land. Howsver, honeyoomd lands were

found to reduce leakage up to 24.§.

Through asrodynamic testing, an advanced design labyrinth

seal was developed which reduced leakage 54.2% compared to UG
a conventional straight-through seal and 26,3% compared to LABYRINTH SEAL
a conventional stepped seal,
ROW =p

R SEA it
Symbols Abbreviations
A Area, om® BER Bypass Ratio
CL Radlal Clearance, om Yo Distance to Contaoct
KH Knife Height, om HP High Pressure
KP Knife Pitch, om LTsD Lovge~to-small diameter
KT Knife Tip Thickmness, om PR Prussure Ratio
Ko Knife Angle, degrees SKC Specific Fuel Consumption
P Prassure STLD Small-to-large~dlameter
SH Step Height, om 2D Two-dimensional
T Temperature, K 3L Three~dimensional
v Veloeity, m/s
W Flow, kg/s Subsoripte
n Efficiency D Downstresm
¢ FPlow Parameter, W/T/PA 8 Static Conditions

T Total Condltions
U Upstream
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INTRODUCTION

The economic incentives imposed by future fuel conservation requiremente end the con-

tinulng effort to ilmprove performance has created increased interest in improving the

efficiency of current and future gas turbine engines., Advancements in technology

toward the achievement of higher thermal and propulsive efficiencies for current and

advanced alreraft gas turbines have besn characterized by significant increases in the

; operating oycle pressure ratio and turbine inlet temperature, However, these trends

i cause internal alr seal leakage to inorease because higher operating temperatures pro=-
duce greater differential growth in the seal components that frequently results in

: larger seal oclearances. The higher operating cycle pressure ratio also increases gas

; path and bearing compartment seal leakage, even if current slearance levels oould be

. maintained, This problem is readily seen by consldering the flow parameter characterw

R e T et S g N S

iatic, ¢ = WYT/PA. The air leakage ir a typioal labyrinth seal (e,g., in front of the !

i high pressure turbine disc) can be represented by W » (PA¢/YT)(100./W ) in terms !
: ofspugoent compreasor inlet flow, Ingreaning thg conpressor pﬁessuraegﬁégg from 15:1 \

to 30:1 at oonctant englne airflow and seal clearance would increase leakage approxi-

mately 75.%. A plot of typloal seal leakage versus compresscr pressure ratio is pre- .
sented in Figure 1. \

ent efficiencies may result in limited payoffs relative to the time, ocost, and manpower

expended, Figure 2 shows an example of the improvement in compressor and turbine com-

ponent ef'ficlencies required to uschieve the same increase in engine performance as a

‘ reduction in turbine seal leakage of 1.0¥ of engine airflow for an advanced high bypass
ratio gas turbine engine, For sxample, reducing the high pressure turbine seal leakage

| 1.0% of engine airflew would produce the same improvement as a turbine effiocienoy

il inorease of 0.51%, The results presented in Figure 2 show that a reduction in high

‘\ pressure turbine seal leakage of 1,08 would improve engine specifio fuel consumption

- .

.1 Compensating for the current state of seal technology by improving aerocdynamin compon=-
\
H

l ' Perhaps & more neaningful presentation of the benefits of reduced seal leakage are
[ ; shown in Figuro 3., This figure shows the approximate total U,S, fuel savings would

b { be 429,638,600 gallons snnually if typical gas turbine seal leakage was reduced 25%
{R throughout the engine ror all currsnt gas turbines,

t

{

|
An approach frequently used to reduce labyrinth seal leakage and mechanical damage !
has been to lncorporate abradable or honeycombd lands and reduce the operatlng clearance, ]
Recent investlgations reported herein show that positive rvesults may not always be
achleved. 1In addition, to fully utilize the potential of increased oyole pressure i
ratlo and temperature %o provide higher thermsl and propulaive ef'ficlencies, sealing )
elficlency must be inoremsed above present levels, Therefore, the purpose of this |
paper 15 to present the effects on the leakage of a conventional straight-through ‘
labyrinth seal using abradsble and honeycomb lands and to discuss advanced labyrinth
seal design concepts that signifivantly reduce leakage. Inoreased internal cavity
turbulence was used to achieve reduced leakage in the advanoced seal deslgn without
algnificantly affecting the mechanical integrity of the seal.

The results presented in this paper represent the oumulative efforts of several pro-
grams, These programs involved an serodynamic evaluation of conventional stralght-
through labyrinth seals using solid.smooth, abradable, and honeycomb lands in a two=-
dimensional (2D) seal rig.with additional tests of selected conlfigurations conducted
in a rotating (3D) seal rig, The investigations carried out on the advanced design
labyrinth seals included water tunnel studies, 2D air rig tests, and dynamlc air rig .
tests, The water tunnel provided an economiocal visual method of soreening deasign

ooncepts, while the two-dimensional air rig provided an economical and rapid means of

evaluating the various seal geometrio parameters, ‘The performance of specific sesl

configurations under statio and dynemic oconditions was obtained in the three-dimensional
alr rig.

The meal nomenolature used throughout this paper is presented in Figure U,

TEST RIGS AND PROCEDURES ‘

; Three labyrinth seal test rigs were used to obtain the experimental results presented in {
;‘ this paper: '

i

1

i

| (1) a water tunnel flow visualization seal rig
N\ (2) & two~dimensional (2D) static air seal rig :

(3) & three-dimensional (3D) or annular, rotating air seal rig




Water Tunnel Seal Rig

T
B

The water tunnel flow visualization seal rig, shown in Figure 5, was used for the pre=
liminary evaluation of the advanced labyrinth seal candidate designs, This rig was
designed to test ten-times sire clear plastic modele of labyrinth seals. The candidate
test seal configurations were formed using a building block concept with adjustable
seal hardware., Thus, multiple use of components was achieved., This concaept provided
greater flexibllity in making dimensional changes in seal pitch, clearance, and step
helght as well as complete changes in seal configuration., The seal hloek pleces were
individually adjustable via slots machined in the seal components.

Tt o e

—

Water flow wes measured with a Potter turbine-type flowmeter. The seusl inlat and exit
plenum pressures were 8lso measured, Alr bubbles were introduced into the water supply
for flow visualization. A plane of light was cast through the rig to 1lluminate the
turbulent regions for observation and photographing. The seal configurations were
tested at pressure differentials of 7.5, 13.7, and 19.9 kPa witu clearancas of 0.127,
0.254, and 0,508 om,

T TR e L e
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i : Two-Dimensional Seal Rig

{
] A sketch of the two-dimensional (2D) static air weal test rig is presented in Figure 6.
' y This rig was used to investigate the aerodynamic effects of abradable and honeycomb ]
i lands on conventional straight<through seal leakage. The influence of geometric varia- : X
w X tions on the pexrformance of an advanced seal design was also evalusted and optimized in

- the 2D I‘is .

|

1

|

1

The 2D rig seal hardware was designed on a building blook concept whioch utilizes indi-
y vidually adjubstable seal components., Adjustable knife and land sections permit con-

; tinuous variations in the primary geometrioc variables, i.s,, knife pitch, knife height,
| land step height, number of knives, axial clesrance, and raﬁial oleararice. Figure 7 ,
shows a photograph of the 2D rig with a stepped meal installed. The width of the tant )

3 seotion 1w 16.0 om.

; Structural deflection of the rig sidewalls under high air pressure loading wam oconside
b ered in determining the actual clearance tested., A micrometer dial pauge with ,00005 om -
j ! readability, shown in Figure 8, was nounted on the rig top plate to monitor the relative R
e movement of the seal knife with respect to the lund, ;
The bullding blook concept for the seal hardvware tested in the water tunnel r»ig and the

2D rig proved to be an economical and expedient means of screening candidate seal de-

sign corvepts and dsveloping optimum performance geometry for a given design,

i Thres-Dimenslonal Sesl Test Rig

i

| A oross~-seotional sketch of the thres-dimensional (3D) alr seal test rig is shown in

| 4 Plgure . The rig can test u maximum seal diamster of 15.3 om at a maximum seal knifle
y tip speed of 239 m/n., Static and dynamioc seal leakage performarce was measured with

. S this rig. o

L Dupoription of Inmtrumentation

! Similar pressure and tempesaturs instrumentation wap used to determine seal leakage in ! 3

i both the 2D stabtic rig and the 3D dynamic »ig, The inatrumentation locations for the 3

i 2D and 3D rigs ars shown in Figures 6 snd 9, respectively. A standard ASME square sdge

L oriflice with pipe taps was used to mearure the sanl leakage flow, The inlet pressure

¥ and tempsrature and the exit pressure at the orifice were obtained to deterxmine flow.
The datk asquired for eoch seal test alsc inoluded seal inlst prossure (PU) and tempere
ature (Ty) and exit pressure (Pp). k '

Tust Conditions

The 2D and 3D rigs wers cperated with smbiant inlet air temperatures (approximately

22°C). Rig discharge pressure was essentimlly umbient (°9.5 kPa). Rig inlet pressures B 4 :
were varied up to s maximum of 8 stmoupheres. Typically L5 seal pressure ratid values &
were recorded for eaoh configuration tested, The 3D riy tvests were conducted statlically : s
and at rotational spoeds giving 80 m/s, 159 m/s, and 239 m/s knife tip velovities. 3
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Seal olearances in the water tunnel and 2D alr rig were set by feeler gauge. The 2D ‘

rig bulld-up olearances were corrected for the measured rig deflection to determine 4
| the seal lcakuge area. For the 3D air rig each knife on the peal rotor and each land i
| on the stator were dimenaionally inspected in the free-state, A feeler gauge was also
] used to check the end knife radial olearance after the hardware was assembled in the
| rig. The data reduction program calculates the rotor growth based on the dynamic
]
|
!

nonditions to determine the actual seal clearance.

Date Reductlon and Caloulation Methods

The measured pressures, temperatures, and seal leakage flow were used to calculate the
air flow parameter characteristic,

|

| ¢ = MYmy, |
; Py A

! &8s a funotion of the seal pressure ratio, Py/Pp, All the seal performance curves pre-

1}

|

]

sented in this paper will be in the ¢ versus Py/Pp form. Typloally, seal performance
comparisons will he based on the ¢ values at Py/Pp of 2,0 for convenlence.,

2D Rig to 3D Rig Seal Performance Correlation

Comparison of the performance characteristics for similar seal configurations tested in
' the 2D and 3D rigs generally show good agreement. Figures 10 and 1l show the correla-

: tion between the two rigs obtained for a four knife strailght-through seal with a sollid-
) smooth land and a honayocomb land, respeotively. The 2D rig seal performance at 2.0

) pressure ratio only differs from that in the 3D (¢pp - ¢3D§/¢3p, by ~1.9% for the solid-
; smooth land and +1,9% for the honeycomb land, Therefore, the 2D rig, except for the

\

possible effects of rotational speed, provides relisble design data.

RESULTS AND DISCUSSION

This seotion is organized into (1) test results for a conventional stralght-through
labyrinth seal using solid-smouth, abradable, and honeycomd lands, and (2) teat results
for advonced design labyrinth seals. The testing of the conventional seals was primarily
conduoted in the 2D seal rig. Selected configurations were tested in the 3D seal »rig

to determine the effects of knile rotation on seal leakage. The advanoed design laby-
rinth seals were initially evaluated in the water tunnel riy, Selected designs ware
fabricated for dynamioc tests in the 3D seal rig. One deasign was developed further in

the 2D seal rig to optimize the seal geometry., The optimized design was then tested in
the 3D seal ripg to determine the effeots of rotation.

Cenventional Labyrinth Seal Results

The conventional straight-through seal configuration shown in Figure 12 was used to
evaluate four abradable and three honeycomb lands in the 2D rig. A photograph uf the
seal lands, inoluding the solid-smooth baseline, is shown in Figure 13, The four
abradable lands testsd included two non-porous materials (nickelwgraphite and aluminum-
polyester) with material thicknesses of ,076 cm, and two commerclally available porous
abradable materials designated abradable "A" and abradable "B", with material thicke
nesses of ,229 om, The cell siues evaluated with the honeyoomb lands were .079, .160,
and ,318 om, The cell depth was .381 om,

T g
oINS e

e

The flow paramefer oharacteristics derived from the 2D rig aerodynamlc test data /
(Reference 1) are presentad in Figure 1lU for the seals with abradabie lands whioch were
tosted at 013 om clearance. The molid-smooth land characteristic has also been in-
cluded in Figure 14 as a baseline ror comparison., It is evident from Figure 14 that
the twc porous abradablelands leak substantially more than the solide-smooth land,
Similar tests were alsc conducted at .025 om and ,051 cm clearances. The seal perfor-
mance with the abradable lands at a 2,0 pressure ratio 1s ccmpared in Table I to that
of the solid-smooth land for the three olearances tested. The performance comparisons
summarized in Table I are also presented graphlcally in Figure 15, The abradable cea)
land resulte show that the porous land materials, abradable "A" and abradable "B",
produced 27,4% and 60,.3% loakage inurcase, respectively, as compared to the solid-
% smooth land mt .013 om clearance. At 051 om clearance the leakage inorease amounted
to 9.9% and 12.6% for abradable "A" and abradable "B", reapectively. The apparent
leakage through the porous abradable lands diminishes as a purcentage of the total flow
as olearance is increased,
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Another interesting result fromthe abradable land tests can be noted from the nickel-
graphite land perfcrmance at .013 om and .025 om clearance. At these clearances the
nickel-graphite land demonatrated lower leakages by 3.6% and 7.8%, respectively, than
the solld-smooth land. The surface finish of the nickel-graphite land was rougher
(880.u cm) than the solid~smooth land (76.u om). The smoother aluminum-polyester
land, surface roughness of 165.u om, however, did not experience a performance level
differsnt than the asclid-smooth land at .0l3 em and .025 cm ¢learance.

The honeycomb land seazl performance measured in the 2D seal rig (Reference 1) is
presented in Flgure 16 for .051 om olearance. These results show that the honeycomb
lands substantially reduced leakage compared to the solid-smooth baseline lend. The
honeysomb lands weres also eveluated at ,013 om and ,025 om ¢learance, A summary of

the leakage performance for the honeycomb lands compared to the sclid-smooth land at
2,0 pressure ratic is presented in Table II for the three clearances evaluated. Figure
17 graphically displays the results summarized in Table II. The honeycomdb land results
presentad in Figure 17 show that honeycomb cell size can have a strong influence on
seal leakage, At a8 small clearance (.013 om) the large cell (.318 nm? honeycomb leskage
was 96,2% higher than a solid-smooth land, but the leakage decreased as claarance in-
creased until it became 18.4% lower at the largest clearance (.051 om) tested. The
small cell (.079 am) honeycomb land reduced leakage, compared to the solid-smooth land,
4.9% at .013 om clearance and 12,6% at ,051 om clearance, The intermediate cell sice
(.160 em) honeycomb land shows a 24,4% leakage inoreape at .013 om clearance, but a
21.1% leakage reduction at ,051 om clearance, Uenerally, it appears that honeycomb
lands are e¢ffective for reducing leakage at large clearances, but should be selected
with ocare for small clearance applications.

Abhradable "A" material and .160 ocm cell honeycomb lands were fabricated for testing

in the 3D dynamic air seasl test rig to determine the w«ffect of seal knilfe rotation on
leskage. A solid-smooth land was 2lso tested to provide a baseline. A conventional
four knife straight-through seal geometrically similar to the 2D rig seal (shown in
Figure 12) was used in this evaluation. The aerodynamic leakage tests were accomplished
ptatically and at three rotational velocity levels which resulted in knife tip speeds
of 80 m/s, 159 m/s, and 239 nm/s. The tosts were conducted at ,025 cm and ,051 om radial
clearances, The reduction in clearance due to rotation was small (.002 om at maximum
speed), but 1t was included in the calnulation of the leskage area.

The 3D rig static and dynamic test results for the solid-smooth baseline land (Reference
1) are presented in Figures 18 and 19 for .025 om and .051 om oclearances, respectively.
Similarly, the abradable and honeycomb lands performance (Refsrence 1) is presented in
Figures 20, 21, 22, and 23. Figures 18 through 21 show that the solid-smooth land seal
and the abradable land seal experisnced a reduction in leakage with increasing knife
rotational velooity., However, in Figures 22 and 23 the honeycomb land showed a mixed,
but small effect due to knife rotation. Table III summarizes the dynamic test results
and shows that the soclid-smooth land experienced an B.9% reduction in leakage at .025 cm
clearance and 6.7% reduction for ,051 om clearance between atatic and the muximum knife
tip velooity tested of 239 m/s. The air leakage past the abradable land shows a reduc-
tion of 9,9% and 10.3% from static to maximum dynamic conditions for .025 om and .051
om clearances, respectively, Table III also shows that the honeycomb land leakege at
.025 om clearance was increased 2.4% at 239 m/s but was reduced 2,6% at the ,051 cm
clearsnce compared with the static performance,

The 3D rig straight seal static and dynamic performance with abradable and honeycomb
lands is compared to that with the baseline, solid-smooth land in Table IV at a 2.0
seal pressure ratio. The 3D rig maximum rotational velocity results show that the
abradable land leakage is 2.2% higher than the solid-smooth land at .025 om radial
clearance, and 4,9% less than the solid-smooth land at ,051 om clearance, The 3D rig
static results show the abradable land leakage 3.U4%¥ higher than the solid-smooth land
at ,025 om clearance and 1.1% lower at .051 om clearsnce. By comparison, the 2D rig
results showed the abradable land leakage to be 9.8% and 9.9% higher than the msolide
smooth land at .025 om and ,051 om clearance, respsctively. The difference in the
abradable land leakage between the 2D rig and the static 3D rig results is attributed
to the difference in porosity leaksge and surface finish, Additlonal testing will be
required to identify these individual effeots on abradable land leakage.

Table IV shows that the honeycomb land leskage in the 3D rig was U4.9% less statically
than the solid-smooth land, but 6.9% greater at 239 m/s for ,025 cm clearance. The
honeycomb land leakage at .051 cm olearance was 27.4% lower than the solid-smooth land
statioally and 24.2Y less at 239 m/s. Therefore, the use of ,160 om cell honeycomb
lands above .025 om clearance provides a substantial reduction in leakage of conven-
tional straight-through seals.
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Advanced Design Labyrinth Seal Results

The approach used in this investigation to reduce labyrinth seal leakage was to improve
sealing effectiveness through the use of unique geometry configurations designed to in-
oreade the internal seal cavity turbulence, Several candidate configuration concepts
are shown in Figure 24 (Referonces 2 and 3).

Numerous geometric parameters influence the level of internal seal cavity turbulence,
The effects of some geometric parameters can be ocaloulated analytlcally, but the
interactions of the numerous geometric parameters involved in a labyrinth seal design
are complex and do not lend themselves to current analytiocul methods, Therefore, a
water tunnel flow visualization rig, with adjustable seal gecmetry components, was
used for the preliminary evaluation of the turbulsnce generated by the oandidate seal
designa. A vyplcal water rig photograph of an advanced seal concept 18 shown in Figure
25. Arrows have been added to indicate the observed flow direction. The seal pitch,
knife angle, and step helght were varied to obtain an optimum mix of geometry. The
water rig proved to be an invaluable tool for screening seal designa since the evalua-
tion of numerous design features of the candidate seal could be made rapidly and
eoconomically with the same hardware,

Based on the results of the water rig tests, meveral candidate designs and derivitive
designs were fabricated and tested statically and dynamlcally in the 15.3 om dliameter
air seal rig (shown in Figure 9.) The static results at .025 om olearance for Designa
1, 3, 4, and 5, and a baseline conventional step seal are given in Figure 26. A
performance comparison of the advanced seal configurations with the baseline meal ias
alao presented in Table V at a 2,0 pressure ratio., This table shows that the advanced
designs achieved a 12.8% to 14,08 reduction in static leakage, compared to the baseline
seal, The dynamic test results at the maximum test velocity ox' 239 m/s show little
additional effect on leakage., Table V also shows that the oconventional step seal ex~
perienced a 0,.8% inorease in leakage, while the advanced designs ranged between a 3,2%
increase to & 1.4% decrease in leakags. The net dynamio results for the advanced
designs, therefore, showed a leakage reduction range from 10.7% to 15.9%.

Additional development work (Reference 1) was accompllished on the advanced swal Designs
and 5 shown in Figure 24, Variable geometry components aimilar to the water tunnel
rig hardware were used in the 2D rig (Pigure 6) to optimize the performance of these
seal designs. The parsmeters investigated included knife pitoh, knife height, step
height, land notch, and knife angie. The Design U optimized configuration is shown in
Figure 27, Design 5, shown in Figure 28, uses the same optimized dimensions as Design
4, but with the seal knives canted in the opposite direotion., Design 4 is intended for
leakage flow in the large-diumeter-to-small diameter direotion. Design 5 is appliocable
for leakage fluw in the small-to-large-diameter direction. The static and dynamie
performance characteristics for the optimized advanced seal derived from the 3D ri
teats are presonted in Figures 29 and 30 for Designs 4 and 5, respectively. A perfor-
mance ourve for a similar, conventional stepped seal hias been included on theso figures
for comparison purposes, A single ocurve for the baseline seal has been used for
simpliclity slnce rotatiohnal effects were found to be less than 3.% of the mtatic
performance (Refersnce 3). The performance ourves of Figures 29 and 30 apply to a
,051 om clearance.

Table VI summarizes and compares the pearformance of the optimized advanced seals to the
baseline stepped seal, The optimized Design 4 seal reduces leakage 16.4% dynamically
compared to the baseline sesl, Design 5 reduced leakage 26.9% dynamically., These

results show that substantial performance gains ocan be achieved with improved internal
cavity turbulerice,

Table VI also shcws that the effeots on leakage of seal knife rotation for the conven-
tional stepped seal and the optimized Design U meal wers quite ammall (-2,9% and -2.,2%,
respectively). The Design 5 seul showed slightly more sensitivity to rotation with a
5.9% reduction in leakuge at the maximum test veloelty of 239 m/s.

CONCLUSIONS

Advanced dasign labyrinth seals incorporating geometiric features to increase seal
cavity turbulence substantially reduce lsakage. Optimized geometry for an advanced
seal design with high internal cavity turbulence was developed that reduced leakage
26.9% compared to a conventional stepped seal,

Convent.lonal straight~through labyrinth seals with honeycomdb lands reduced leakage up
to 24,28 «t ,051 om clearance compared to a solid-smooth land, However, as clearance
decromsed to ,013 om, the honeyoomb lands weres found to inurease leakage above a salid-
smooth land.
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Surface roughness effects of the non-porous abradable lands contributed toward reducing
leakage up to 7.8% at .025 om clearance for conventional stralght~through sealsm, Addi-
tional atudles are required to investigate this effect and to provide design guidelines
and analytical nethods,

Conventional straight-through seals leak substantially more with porous-abradable lands
than with solid-.smooth larnds, as expected, The porous-abradable lands tested showed an

inorease in leakage over & solid-~smooth land of 60,3% at .013 am clearance and 12.6% at
051 om clearancs.

Seal knifs rotational velooity had mixed effmcts on seal performance. Leakage for a
conventional straight-through seal using & solid-smooth or an abradable land was re-
duced up to 10.% at 239 m/s knife tip velority. However, the honeycomb land only ex-
perienced a +2.5% leakage change, depending on clearance. The advanced design seal
experienced & maximum lealkage reduction of 5.9% at 239 m/s compared to the statlc

results, A comparable stepped seal experienced a 2.9% leakage reduction at 239 m/s
knife Lo velooity.
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FIGURE 19, FOUR KNIFE STRAIGHT SEAL - SMOOTH LAND
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Vo0 V-5
Jad . Ltatic) Ml mis mis

Solid-Smooth 75 «(R66 -6 -6.0 - 8.9

Abradebie "A" @5 R -L6 -5.5 - 99

Honeycomb Cell @5 @53 -1,2 -2 + 2.4
J1608m 051 .05 -1 -2.2 -6

TABLE {11 EFFECT OF ROTATION ON THE PERFORMANCE OF A FOUR KNIFE STRAIGHT
SEAL AT PuIPD 2.0 WITH SMCOTH, ABRADABLE, AND HONEVCOMB LANDS

: | s Hhst
= CL V-0 V-8 V10 V=2
land em .m0 om0 mbk _m

. Solld-Smooth 025  Baseline  Baseline  Baseline  Baseiine ‘
- 3 Abradable 'A" 434+ A 1 A0 422
o | : * Honeycumb - 4.9 - 3.5 0 + 6.9

F | , Solld-Smooth 051  Baseline  Baseline  Baseline  Bassline
: Abradable "A" = Ll - 3.2 - 3.8 - 49
! * Honeycomb -21.4 -28.9 ~21.7 -24.2
# g3 ~ Solld-Smooth Land Flow Parameter
¢~ Abradable A" or Honeycomb Flow Parameter

*Honeycomb Cell Size - . 160 cm; el depth - .230 cm

PERFORMANCE

TABLE IV COMPARISON OF ABRADABLE AND HONEYCOMB SEAL LAND
WITH SOLID LAND AT 2.0 PRESSURE RATIO

Design 4 Dealgn 5

FIGURE 24, SKETCHES OF ADVANCED LABYRINTH SEAL
CONFIGURATIONS
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Percent Leakege Reduction  Dynamic Test Leakage
Compared to Baseilne Seal  Change From Static Test
Vel V=23¢
Configuration s s
Baseline Conventional - - +0.8%
Siep Sol
Design 1 12.8 10.7 +3.2%
Design 3 13,6 13.5 +0, 9%
Design 4 1.6 13.5 +0.9%
Design 5 1o 5.9 1.8
Radial Clearance « .05 ¢cm

TABLEY SUMMARY OF STATIC AND DYNAMIC PERFORMANCE OF ADVANCED DESTGN LABYRINTH
SEALS COMPARED TO CONVENTIONAL STEP SEAL ATA 2.0 PRESSURE RATIO

1iny STATIoNARY)
LEAKAGE FLOW —> 7

LARGE-TO-SMALL-DIAMETER ¥
FLOW DIRECTION

PiTCH = 0,762 o

STEP HEIGHT » 0,305 cm
KNIFE HEIGHT = 0,381 ¢cm
KNIFE ANGLE « 50°

FIGURE 27. ORTIMIZED ADVANCED SEAL CONFIGURATION

LAND 4STATIONM1Y_)

0,165 ¢m

_E_O.SM cm

0,038 cm RADIUS

~— LEAKAGE FLOW

SMALL-TO-LARGE-DIAMETER
FLOW DIRECTION

0.0635 ¢m

DESIGN 5

GEOMETRIC DEFINITION
PITCH « 0.762 cm

STEP HEIGHT » 0,305 cm
KNIFE HEIGHT = 0,381 cm
KNIFE ANGLE = 50°

FIGURE 28, OPTIMIZED ADVANCED SEAL CONFIGURATION
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3 _
' Legend :
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FIGURE 30, FOUR KN!FE ADVANCED STEPPED SEAL - DESIGN 5
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Percent Leakage Reduction  Dynamic Test Leakage
Compsred to Baseline Smal  Change From Static Test

Vel V-9
Configuration mis_ _nis_

e e Tt

{
Baseline Conventional - .- -2,%
Step Senl

Optimized Advanced
Seal - Dusign 4 17,1 16,4 2.2%

Optimized Advancec
Seal - Dasign 5 7.9 6.0 5. 9%

; ' Radtal Clearanve = (051 cm

LA W

TABLE VI SUMMARY OF OPTIMIZED ADVANCED DES IGN LABYRINTH
SEAL PERFORMANCE AT A 2,0 PRESSURE RATIO

DISCUSSION

A.Moore, UK

The advanced design described in your lecture uses airflows entering the seal at the smaller diameter and shows 4

significant improvement with rotational speed. If the airflow enters the seal at a larger diameter, i.e, if the airflow
E‘ is reversed, is the effect of rotation increased?

( Author’s Reply

: : The optimizad advanced scal design was developed initially for flow in the “farge-to-small-diameter” direction as j‘
shown in Figure 27, Canting the knives into the flow wus found to be beneficial. However, application require- .
! ments exist that require sealing in the opposite flow direction, To uddress this application, the advanced seal
knives of Figure 27 were canted the sanie amount in the opposite direction as shown in Figure 28. The rotation
effects were slightly different for the two configurations. Using the small-to-lurge-diameter seal design for flow

E:, _ in the opposite direction has not beon tested either statically or dynamically, but I would expect the static leakage
§*, to be higher when compared to the leakage flowing in the designed direction, If the effects of rotation were

B greater for reverse leakage in the small-to-lurge-diameter seal design, it would have to offset any increase in static

leakage to yield a net gain in sealing efficiency, My experience has shown that rotation has a smail effect on the
static leakage performance of lubyrinth seals.

|
i A.Moore, UK

Do you got the sume benetits, or other benefita (more or less) with rotation when the flow is directed from a large
diameter to a small diameter?

PN

Author’s Reply

!
;‘ The advanced seal configuration shown in Figures 27 and 28 were designed for leakage flow in a specific direction,

These configurations were subsequently not tested staticully or dynamically for a leakage flow direction opposite to
i the design direction,

R e T

|
[ However, the measured effects of rotation on leakage for the iwo advanced seal designs shows that the small-to-large-
' diameter configuration, shown in Figure 28, experienced a slightly higher reduction in leakage with rotation, 5.9%,

g

than the large-to-small-diameter design, shown in Figure 27, which had a 2.2% reduction in leakage with rotation,

o

|
i
¢ G.A Halls, UK 5
li , Would you please comment on the accutacy and repeatability of your results, particularly on the rotuting rig, %
!g, ' bearing in mind that a small change in clearance of suy 0.0025 cm can produce a 10% change in the flow of a seal '
by of 0.025 ¢cm gap.
e | How sure are you that the changes in flow which you measure are due to the configuration and do not come from
8 )

a gap change which has crept in unnoticed.
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Author’s Reply
The dynamic rig test seals that we use are approximately 15.2 cm (6.0 in.) in diameter, Ambient temperature air
is used for all testing thus eliminating the thermal growth effects. Several approaches have been used to determine

M seal clearance at the rotational test speeds, To begin, the seal rotor and land diameter are measured at four
‘ ' circumferential locations to obtuin the average static condition clearance, The rotor and land are also measured
R to determine that the maximum and minimum diameters are within print toleranczes, The assembled seal

configuration in the rig is checked for radial clearance using a feeler gauge at four circumferential locations.

The running clearance is determined by applying the calculated radial growth of the rotor to the measured
clearances. A check of the calculated radial growth was made by using plastic rub strips and measuring the depth

y ' of the knife groove after running at various speed levels,
3 It should be noted that the sume straight-through seal rotor is used to evaluate the smooth, abradable, and ,'
B honeycomb lands. The same radial growth increment is apptied, at a given speed, for each land tested. Therefore,
'. the test results were all obtained with the same radial clearance change and the static to dynamic percent change
1 is consistent with each configuration, The sensitivity of seal leakage to clearance is acknowledged and I feel that

the attention we have given to this influencing parameter has been adequate and accurate.

‘| F.Mshier, US
“f (a) Have you any conclusions as to the sensitivity of leakage, in the advanced seal, to the axial gap between the
land extension and the canted knife edge?

|

: (b) Have you any data un the rub tolerance of the advanced seal in conjunction with the various land types with
i respect to either mechanical condition or leakage after rub?
\

Author’s Reply

i (a) The advanced seal has been tested for various axial gaps between the land extension and the canted knife edge.
As expected, the performance of the advance seal does change with variation in the knife to lund axial gap.
However, a similar set of information has not been generated for the conventional step seal, Therefore, a
comparison of the performance of the advanced seal design and the conventional step seal at various axial
gaps has not been made. The results I have presented comparing the advanced seal to the conventional step
seal have been obtained at the same axial gap.

A T

(b) I do not huve any data regarding the rub tolerance of the udvanced seal design, The use of striated, abradable,
[ ; and honeycomb lands with the advanced seal is being investigated, These lands provide rub tolerance for

{ ! conventional labyrinth seals and may be useful for the advanced seal.

]

! B.H,Becker, Germany -
f In turbomachinery there is gencrally a very himited axial space. Comparing the pitch values of the optimized step

¢ seal with the straight-through seal shows nearly a fuctor of three for the sume clearance, The fact that the straight-

f through seal may have a much higher bumber of knives for a given axial length therefore should be taken into

b account when comparing the leakage flows.

Author's Reply -
4 The advanced seal design is primarily directed to the same application area as the conventional step seal, This :
application area is high radial clearances. Granted, more knives can be gotten into a given axial distunce using a
straight-through seal as compared to a step seal. However, as radial operating clearances get above 0.0381 cm
K (0.015 in.), the efficiency of the straight-through seal is lexs than the step seal, Adding more knives to the straight-
through seul will reduce leakage, but most designers find that for a given axial length, a stepped seal will have equal
| ' or lower lcakage than the best straight-through seal when the radial clearance is 9.0381 ¢m (0.015 in.) or greater,
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’ FACTORS ASSOCIATED WITH RUB TOLERANCE OF COMPRESSOR TIP SEBALS N

Charles W. Elrod E
Aerospace Engineer
Air Force Aero Propulsion Laboratory
Components Branch (AFAPL/TBC) :
‘ Wright-Patterson AFB, Ohio

SUMMARY f

This puper will examine the ineffective tolerance of compressor blade tip seals to high speed rubs. ' R
Research being conducted by the Air Porce Aero-Propulsion Laboratory, at Wright-Patterson Air Force Base 4
will be described which examine basic issues of the problem. ’

i
i Two facilities used to study different facets of the problem will be described and the integration
of the test data from the facilities in the overall rub tolerance program will be delincated. A& Compres-
w sor Rub Test Facility (CRTP) including a single compressor stage driven by an electric motor drive is tised
to study rub interaction in a realistic comprossor environment. The appuratus is unique in its capability

1 : to provide a full range of compressor operating conditions and rub interaction rates for a full scale tip ‘ -y
"% seal configursation,

\ The second facility, a lasor test facility, is used to examine the phenomena of self sustained com- -
{ bustion of titanium in a simulated compressor environment, especlally the environment involved in the CRTF. ;
- ¥ Although the information being generated is applicable to various compressor environments it is of par- =
b ticular interest to the CRTF, The burn rate und damage criterin is being used to develop proper pro-

! cedures for safe test operation. In addition, the pressure, temperature, and velocity. relationships on

I

) self sustained combustion uf titanium are noted to have significant relevince to many situations outside R
¥ the CRTF environment. ;

' : ! 4 ,..“.
| INTRODUCTION : ;

Performance and economy have become increasingly important to gss turbine enginu technology in recent .
years. As a result, ureas such as air flow management and in particular gas path seals are receiving con- '
+ cerned attention. Parameters which were considered important but not critical a<e now being carefully
! examined. One such parameter is clearance, ie., the space botween u rotuting and stationary part, '

The effects of clearance and the desire to minimize this loss factor are known and have been reported, i
vef, 1. Decreasing the c'earance of a turbine tip seal 0.0254 cm. can produce fuel cost savings in excess

of $1,000,000 for a fleet of engines. These figures are even more striking when one considurs that clear-
unces exceeding 0.152 cm. are not uncommon.

Roducing clecrances on the other hund is not accomplished without some¢ penalty. Penalty in the form
- of blade wear, deletorious debris and excossive heat generation are common occurrances and are sometimes
: lumped into the cetegory of rub tolerancs. The concept of rub tolerance 1s associated with blade/case §

interference, vine/rotor interforence and labyrinth tooth/stator interference. y

\ The interference occurs, for example, as a result of differential thermal growth between rotating and

. stationary parts, as a result of sudden radial transients during landing, takeoff or hard mancuvers, or
from some structural failure. The effects of these radial excursions can, in most cases, be minimized
with good design and proper material scloction.

In the area of tip seals, which this paper will address, the designs and matexinl prublems have been
N noted for 4 number of years, however, most solutions have been trial and error., That is not to say re- 3
5 ssarch 13 inadequate or unsystematic, but the transition from laboratory simulation to real englne environ-
ments has been difficult., Materials which look good as rub tolerant tip seals (case treatments) in .
laboratory rigs do not exhibit those same features in the engine.

As u result of these inconsistencies and the desire to understand the mechanism of rub tolerince, the i
United States Air Force, at Wright Patterson AFB has initiated study programs to examine the various '
i features associated with wear and heat genexation.

The progrum consists of analytical models relating to friction und wear, which will be consolidated

into & generalized analysis and design tool, and experimental programs to quantify the parameters relat-
ing to rub tolerance.

It is important to note that the paraweters relating to rub tclerance include not only design criteria
i such as the amount of energy dissipated, the heat split between rotor snd stator and the wear mechanism
) but they &lso include a study of the problems arising from severe rubs. One of these problems, the
| ignition of titanium blades, was a catalyst in focusing attsntion of rub tolerance und prompted the initi-
. ation of & number of experimental programs to examine the problem. The pupor will describe one program
! ) involving & full scale single stage compressor to study rub initismted titsnium cowbustion and a comple-
wentary program defining titamium buyn rates, susteined combustion criteria and extinguishment problems.

COMPRESSOR RU? TEST FACILITY

T

The Compressor Rub Test Facllity (CRTF) was designed and built to study the ignition of titanium
blades in & real ongine environment during s rub situation. A nuwber of configurations were considered
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in the initial design stages but most were eliminated because of non-adaptability to the fucilities
that were available. One concept which appeared feasible involved a high preasure gas source, flow
control valves and an exhaust system, see Figure 1. Considerable attention was given to the design,
especially in the areas of system repressurization, system capacity and flow control.

SysTem |

FIGURE 1 -- SCHEMATIC OF OPEN LOOP RUB TEST FACILITY

The concept was abandoned, however, in favor of the one shown in Figures 2 and 3. One of the primary
reasons was air availability. If the closed loop design is successful the amount of air needed for a
test sequence is only .85m" plus an additional .907 Kg per second for leakage control, makeup air and
pneumatic valving.

Although the facility was designed to provide a fuil scale compressor environment for rub initiated
titanium combustion, the capabilities of the apparatus far exceed thess requirements. Before proceeding
with @ discussion of these capabilities a general physical description of the facility is in order.

Basically, the apparatus is a closed loop flow system incorporsting a single compressor stage from a
gas turbine engine, in the test section, driven by an electrica) wotor drive through a gearbox. The loop
is supported by a wetal structure and air is supplied from a high pressure gas source. The controls
feature remote operation tfrom beneath the test stand. )

The drive system is a 1500 hp synchronous motor capable of speed variations from 0-3000 rpm. The
wotor is housed in a concrete structure with the output shaft 10.67 meters above ground level, since the
rig was previously used to test propellers. The jack shaft of the electric motor is connected to the low
speed end of an aircraft gearbox by a low speed coupling assembly.

The high spoed drive from the gearbox incorporates a flexible coupling for misalignment, two bearings
(one being a roller and the other a thrust absorber) and the single stage rotor assembly. The gearbox is
mounted to the test loop support structure to minimize misalignment in the high speed shaft due to thermal
growth differences hetween the metal and the concrete support structures,

The test loop includes a flow straightening or distortion section (1), a test annulus with inlet and
oxit guide vanes (2), a diffuser/exhaust section (3), a fill/bleed section (4), and a flow measurement
section (5). Air is bled into the cavities 2m and 2b beneath the test annulus to prevent ingestion or
loss of high temperature air from the test section. A hydraulic sctustor is positioned on the outer sur-
face of the case segment, included with the stator assembly, to provide controlled deflection into the
rotor. The amount of interference is controiled by a Linear Velocity Differential Transducer and rub
depths of .025 - .102 cm will be provided, The test loop is also insulated to prevent excessive heat loss
snd instrumented to obtain loop temperatures and pressures,

P sk - 2
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COMPRESSOR RUB TEST FACILITY

TEST ARTICLE
- 72 / FLEX :
1 COUPLING ELECTRIC ‘
1 A GEAR MoToR
C Box DRIVE
—t | |
- - N
; SCREENS 3 O1L SvsTeM
: DIFFUSER
:)c FLow MeTER
OuTLET .
\{\ EMERGENCY :!
. i
X 4 P -
BUTTERFLY .
VALVE b
\ InueT .
Fisure 2 -~ ScHeMaTic CLOSED Loop ‘

The operation of the facility involves first pressurizing the loop to the desired pressure and slovly
bring the rotor up to speed. The flow through the loop is allowed to stabilize and the temperature allowed
to rise unti] the desired conditions are reached, Once the loop is at the proper settings the inlet bleed
valve is opened to introduce cold (swbient) air from the pressure source. The amount of air bled into the
systom (m.) is just enough to overcome the heat input from the drive system (Wip) less the hest loss
through the insulation (Qu), the hot air lost through leakage (my) and the hot sir removed by the pressure
relief system (mp).

‘:PT - W m-QL-ILCpT-IlRCpT

At this point the apparatus is ready to initiate testing.

The fucility in its current configuration is capable of performing tests on the installed compresscr
stage within the limits shown bolow: |

Speed -- 9000-14,000 rpm

Temperature -- 150°C - 480°C
Pressure -~ 345 kPa - 830 kPa
Incursion Rates -- ,0025 - ,025 cm/sec :

These limitations are primarily a function of the stage being tested. The first series of tests will be
Tun at the upper rangss of spoed, temperature and pressure while the rub depth will be ,076 cm and the
incursion rate .013 cm/sec. The blades in the test stage are, of course, titanium and the rub strip
waterial is u plasms sprayed Ni Cg. The rub strip material will be varied to detormine the effect of i
7ub tolerante on titanium combustion. Initial screening of the rub strip materials to determins their ‘
relative abradability is accomplished with a mini rub rig incorporating & 12.7 cm test disk rotating
&t 2000 rpm.

The facility is currently in the final stages of checkout prior to the initiation of the first test
sequence. Prior tc the initistion of testing in the CRTF, however, a complementary program was required }
to obtain some basic information on titanium combustion and extinguishwent, The extinguishment portion r -
of the program was required to provide s means of protecting the rub test facility in the event of a




FIGURE 3 -- COMPRESSOR RUB TEST PACILITY

massive fire und the self sustained combustion data provides information on the burn rate (reaction time

for extinguishment) and probability for massive metal combustion. Although these programs were initially
established to provide information for the CRTF they have been oxpanded to form the basis of a very com-

plete study on titanium combustion,

TITANIUM COMBUSTION PROGRAM

The basic titunium combustion data wes obtained in two programs: a Melt Ignition Test (Ref 2) and a
Laser Ignition Test (Ref 3). The former program provided an insight into the phenomens of self-sustained
combustion and the effects 'of pressure, tempersture and flow on the burn process but was abandoned in
favor of the laser test. This shift from melt ignition to laser ignition was necessary to effectively
evaluute the burn rate and self-sustained combustion process in greater depth. Laser ignition is a more
controlled and reliable energy source with respect to the site of ignition and the area affected by the
energy input. The results of both programs will, however, be reported since some informution from each
program will be used in the CRTE.

The melt ignitiun program was performed in the apparatus shown in Figure 4. Air at a specified
temporature, pressure snd velocity is directed at a sample (2.54cm X 7.62cm X .016 cm) of titanium 6A1-4V
canted 40° to tho flow. Once the flow is established, a wire (7.62cm X 6.3 ma X 1.6mn) across &n arc

i e i v
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FIGURE 4 -- TITANIUM TEST FACILITY SCHEMATIC

welder is melted by current flow and the melt impinges on the test sample. The energy contained in the
aelt is sufficient for ignition to occur, however, the dispersal of the burning droplets is difficult to
control and the ignition site varied depending on where the melt impinged on the sample. Once the fire
went out, the flow was shut off and the test terminated.

The primary data from the testy wers in the form of movies. Each run was recorded by a 16mm Miliken
camera operating at 250 frames/sec and observed by closed circuit TV with a video tape capability. The
films wers processed and projected on & grid and drawings made of the luminous houndaries st selected
times to cbtain burn progression.

The data was plotted as boundary lines between the regions of sustained and non-sustained burning
for velocity versus temperature and velocity versus pressure. The velocity versus temperature graph,
Figure 5, indicates a relationship between velocity and temperature where an increase in velocity is
rejquired to blowout oxr prevent sustained combustion as the air temperature for each isober plotted in-
creases., The relation:lip seems more pronounced at low pressure than at higher pressures. There does

not appear to be as muc . of a relationship betwsen velocity and pressure, see Figure 6, as observed in
the previous plot.

Two additional features of the study which should be mentioned are the effects of sample thickness
and extinguishers. Figures 5 and 6 both illustrate the larger sustained burning region for the thin
.06 cm sample than the .016 cmsample. This phenomenon is significant when related to an actual compressoy
blade with an sirfoil shape, i.e., thin leading and trailing edges, thick mid-sections. The thin sections

would be expected to burn first and faster than the thicker middle section which was cbserved when real
blades were tested.

The extinguishment tests confirmed previous expectations relating to the difficulty of extinguishing
& titanium fire. Argon was found to Le an acceptable extingulshing agent but only in concentyations
exceeding 50% by volume. With argon concentrations of 90% the flame suppression was, in effect, immediate,
Nitrogen and CO3, as expected, encouraged the combustion process rather than suppressed it.

As previously mentioned, the indepth investigation of titanium combustion fundamentals was conducted
in the laser ignition facility because of the reproducible nature of the ignition process. Both the site
of ignition and the amount of material ignited can be precisely controlled.

The procedure was similar to the previous test with the major differences being the substitution of
the laser source for the melted wire snd the orientation of the semple, parallel to the flow rather than

canted 40° to the flow. High speed ainematography was employed and the film anslyzed in & manner similar
but wore extensive than in the previous test program.
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The data was plotted in a variety of parameter relationships with the wost meaningful being the
pressure versus temperatutre for various velocity ranges, Figures 7,8, 9, 10, and 11, Furthermore, the
individual data points were identified in terms of the damage (% mass loss) each sample sustained and
segrogated in regions of similar damage.

The figures illustrate a strong pressure dependence but less of a temperature dependence which appears
to be a direct contradiction to the previous results. The data is being examined in further detail to
understand the possible anowalies but one wust remember the ignition grocou was considersbly different
and the sample orientation was changed. Once the original melt duta is examined in wore depth some of

the initial differences may disappear or a significant difference relating to melt ignition phenomena
way develop.

Some of these snswers may surface during a planned extension of the laser ignition work involving
cascade or multiple blade tests. Ignition of one blade by the laser and subsequent ignition of down-
stream blades by melt impingement could clear up the current discrepancles.

The burn rate of the titanium samples was analyzed and the data plotted as shown in Figure 12. The
lines represent a best fit of the data to the equation:

y= Al Bxp (-Ale) + As Exp (-A4x) + As

The dependence of bun rate on pressure and velocity is quite evident from this figure. Although a pre-
cise quantification of burn rate is not available at this time, the data does indicate the ranges of
sllowable reaction times.
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CONCLUSIONS

The programs described will provide valuable insights into one of the important problem areas relat-
ing to rub tolerance but more importantly two unique facilities have evolved. One with enormous potential
for testing compressor related problems over a wide range of environmental conditions and a second
facility for the study of titanium combustlon in a flowing airstresam are now an important part of the
United States Air Porce research and development capabilities. Puture programs are currently being
formulated for both experinental rigs.

The CRTF will become a source for testing new seal materials, blade coatings or blade tip treatment
and possibly a prerequisite before the final engine verification or engine demonstration phase in a new
product development cycle, In addition, programs reliting to blade flutter, disc stress, or similar
technologies can be included in the test program planning for the CRTE.

The laser ignition test program results include, in addition to the Ti 6-4 parallel flow tests, a
sories of Ti 6-4 canted blade tests (where the blades are angled at 10° to the air flow), a series of
titanium alloy tésts (currently 26 alloys have been ignited) and a select number of coated titanium blade
ignition tests, Future programs include multiple blade (cascade) tests, locus of ignition tests (where
the ignition site will be moved to the trailing edge and the ieading edge at the midspan of the blade)
aud ignition energy tests (where the minimum ignition energy as a function of airstream temperature,
pressure and velocity will be determined).

An important feature of the laser ignition tests is the applicability of the data not only to the
CRTF operation but also to the actual engine problem. A detailed knowledge of titanium combustion
behavior in an aerodynemic environment if of invaluable assistance to the =ngine designer., Furthermore,
the tests on titanium slloys, coatings and tip treatment will offer the engine manufacturer reassurance
in the practical use of titanium in current and future gas turbine engines.
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\ DISCUSSION

_ LGlaggman, US
. : How did you choose the alloys?

Author’s Reply

- We have gone through a list of commercially available alloys, Those which are normally used not only in the
' aircraft industry but also in other industries to see if - if we look at a large cross scction, a large specimen of
alloys — there are any alloying trends which tend to show up an incembustible trend.

1,Glassman ’ . /
There is a lot of knowledge in the combustion of metals which wouid simply say that you want to pick a metal
which basicaily would perform an oxide which has a self-healing effect. The trouble with titanium is that at

certain temperature titanium oxides. Perhaps the best with which you can make an alloy would be simply ;
\ aluminium. Have you tried that and does it still burn?

- Author’s Reply
’ Yes we have tried that. We tried Ti 3Al and TiAl and both burned. We could not ignite the last alloy under our
test conditions, if the weight percentage of Aluminium was between 24 and 36%. When we dropped the Aluminium

) } below 24% we were able to ignite the alloy., We are going to continue the testing a little more to get a more indepth
. k analysis of that burning process with Aluminium,

The problem with Titanium-Aluminiun is because it is very brittle. Now, if you can get some ductility back into
Titanium-Aluminium, it is very possible thut we could use this in some isolated incidents, e.g. a casing or a vane.

In combustion of liquid droplets in gas turbine combustors, there is a correlating parameter which is the product

of pressure and temperature and the reciprocal of the velocity of the air flow. Have you looked for a similar type
of correlating parameter for your data?

;

| :

E E.E.Covert, US

b

|

E . |
i Author's Reply | g

That's a distinct possibility. We had not actually considered putting it into that form. I think we may go back
and try to see if we can get some correlations,
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SUMMARY

Salf-goting seals are described iu detail,
ance and the equilibrium oparating film thickness are outiined.
ring response (seal vibration) to rotating seat face runout.
ent vibration modes with secondary seal friction being an important parametar.
sure drop and affects of axisymmetric and nonaxisymmetric sealing face deforsations are discussed.
imantal data on self-ucting face seals operating under simulated gas turbine conditions are given;
dats show the feasibility of operating the saal at conditions of 345 N/cm? (500 pai) and 152 w/sec
ft/sec) sliding speed.
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SELP-ACTING SHAFT SEALS

Lawrence P. Ludwig
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alr - r)
conatant = h. - -—"—-E—L
sealing dem force, N; lbf

fiim thickness, cm in.

1/3
characteristic film thickness = (hihglhn) , cm} in.

primary seal radial length
sealing dam circumferentisl length, cmj in.
Mach number

pressure, N/m® or N/cu’; psi

pressure difference, N/w? or Nlcﬁ2 ; ped
net leakage (volume) flow rate, scmm; scfm
radius, om} in.

sealing dam radial width, llo = Ry cm; in.

gas constant, universal gas constant/molecular weight
Reynolds numbar

radial direction coordinate

temperaturs, K; O

valocity, m/sec; ft/sac

coordinate in pressure gradient direction (radial direction)
coordinate across film thickness

shear flow coordinate in Cartesian systen

relative inclination angle of primsry seal foces, rad
axisymsetric relative inclinstion of primsry seal faces, rad
nonaxisymmetric relative inclination of primary seal faces, rad

absolute or dynsmic viscosity, N-uc/nz; (1b£--uc)/h:2
density, k(/lai (1bf) ("02)/ £ed

Subscripte:

av

£

N = B R C B OO

average

based on characterintic film thickness
based on film thickness

inner cavity

mean

outexr cavity

basad on radius

spring

sealed pressure, upstream reservoir pressure
preassure at snd within sealing gap inlet
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The mathematical models for obtaining 2 seal force bal~
Particular attention is given to primary
This response analysis raveals three
Leakage flow inlet

di ffar-
pres-
Exper~
these
(500

Also & spiral groove seal design operated to 244 m/sec (800 £t:/sec) iz described.
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3 pressure at aud within sealing gap exit

4 downstream resarvoir pressure

ZNTRODUCTION

The continuing increases in gas pressure and temperature which accompany the evolution of the gas
turdine, industrial comprassor, and other rotating machinaery places burdens on o shaft seal technology,
which seems to some to be baraly adequats for current needs. In addition, the emphasis on efficiency:
caused by tha impending fusl shortage causes an additional need for seals with reduced leakage rates. In
the gas turbine shaft seals are used to restrict leakage from & region of a gas at high pressure to a re-
glon of gas at a lower presaure and to restrict gas leakage into the bearing sumps. (Bearing sumps con-
tain an 0il-ges aixture at nsar ambient pressure, and gas leakage through the seal helps prevent oil leak-
age out and maintains a minimum susp pressure necessary for proper scavenging.) Bearing sumps in the high
prassure turbine area are usually the most difficult %o seal because the pressures and temperatures sur-
rounding the sump can be near compxessor discharge conditions.

Labyrinth seals are commonly used for shaft seuling iu gas turbine engines (a simplified wodel of one
system is shown in Fig. 1). The advantage of labyrinth seals is that the speed and pressure -spability is
limited only by the structural design; one disadvantage is a relatively high leakage rate. le leakage
cam be a significant performanca penaity, and will provide easier passage of air-borne wat . wd dirt into
the sump. In this regard high leakage rates of hot gas into the bearing compartuant tend t. carry oil
overboard and add significantly to the haat dissipation burden of the oil cooling system. An addad compli-
cation in amsll engiues is the limited space avallable for seals and bearing sumps, hers the multiple
labyrinth sesl with associated blead and venting passages is difficult to accommodate.

Conventional rubbing contaut seals, shaft riding and radial face types, are also uded for sealing
benring sumps. Bacause of wear rate, shaft riding and circumferential seals (see Fig. 2 for one varsion),
have been limited to pressure less than 69 N/cm? (100 psi); and successful opsration has been ravorted at
a ssaled prassure of 58 N/cm2 (85 psi), & gas temperature of 644 K (700° F), and a sliding velocity of
73 w/ssc (240 ft/seac)(Ref. 1). On the other hand, the conventional rubbing contact face seal (Fig. 3)
is limited to spproximately 90 N/cm? (130 pai) and 122 m/sec (400 ft/sec) for long operational life.
Rubbing contsct seals uie attractive beciuse they have lower leakage rates than labyrinth seals. Asso-
ciated with this lower gas leakage rate is less entrained debris, lower heat dissipation requirsment for
the oil cooling system, and lower efficiency penalty.

By incorporating thrust bearing geometry into a conventional face seal, nonrubbint, cperation can be
achieved, This seal concept has been termad the "self-acting" seal, sinc« the mechanism is siwilar to a
self-acting thrust beariag in that the mating faces lift out of contact bacauss of the pressure developed
by relative ootion between the seal faces. Studies (Refs. 2 and 3) demonstrated that the self-acting aseals
can operate at advanced aircraft engine conditions, that they have lower leakage rates than labyrinth
seals, and hence that they are attvuctive from an efficiency standpoint.

The objectives of this paper are to (a) review the operating principle and design of the self-acting
seal, (b) point out effects of adverse operating conditons, and (c) precent some axperimental data, The
data are for two seal sizes, a 16.76-cm (6,60~in.) nominal diameter seal suitable for large gas turbines
and & 6.44~cm (2,54-in.) diameter sesl for small engines, The exparimsntal portion of the program vas run
in rigs vhich simulated the baearing compartments of gas turbines, this placed the sealed prassure at the
seal inside diameter; thus the bearing oil/air mixture was at the seal outsida diameter and centrifugal
forca acted against oil leakage.

DISCUSSION AND ANALYSIS
Self-Acting Face Seal Terminology

The terms "hydrodynamic" and "hydrostatic" are often applied to describe wsaals for comprassible fluids
as vall as for incomprassible fluide. But following the bearing terminology, the terms "salf-acting" and
"onsumostatic' will be used when the sealaed fluid ia compressible, und the terms "hydrodynamic" and "hydro-
static" will ba reserved for sealing incomprassible fluids.

It should be noted that conventional "contact' seals oftan operate with separation of the sealing sur-
faces bocause of forces produced by self-acting, pneumostatic, hydrodynamic, or hydrostatic effects. This
is particulary true in conventional radial face seals for liquids (such as pusp scals), the hydrodynamic
forces being produced by miniscule miscligoments and surface waviness (which are largaly unplanned and
occur by happenstance) caused by such offacts as locel thermal expansions, friction, and wear., In com-
trast, in tho seals which are the subject of this paper, the self-acting or hydrodynamic sction is produced
by & "machined in" bearing geomstry and not by uncontrolled effects. Figuve 4 shows this type of self-
acting seal. (Since s hydrodynamic seal assembly would be the same in principle, the discussion can be
1imited to the melf-acting seal.)

As previously mentioned, s self-acting face sesl is similar to & conventional Zace seal except for
the added featurs of a salf-acting geometry (gas lubricated thrust bearing). As vith a conventional faca
seal, it consists of s rotating seat which iy attached to the shaft and a nonrotating primary ving assesbly
which is free to wove in an axisl direction; thus the seal can sccomsodate axial motivn such as is due to
sagiae thermal expsnsion. The secondary seal (piston ring) is subjected only to the axial motion (no wo-
tation) of the primary ring assembly. Several springs provide machanical force to msintain contact at
start and stop. Iu operation, the sealing faces are separated a slight amnunt (in the range of 2.5 to
1.27 um (0.0001 to 0.0005 in.)) by action of the self-acting 1ift geometry. This positive separation re-
sults from the balance of seal forces and the gas film stiffrness of the self-acting geomatry. The self-
acting geometry can ba any of the various types used in gas thrust bearings; the Rayleigh step bearing is
11lugtrated in Pigs. 4 and S.
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Within the seal industry there is a wide variety of tsrms used to describa similar seal parts. The
ASLE seal glossary (Ref. 4) has provided some guidance in seal nomenclature, and the self~acting nomencla—
ture which follows is mainly an extension of this ASLE work. The nomsnclature applying to an assembly of
parts (Fig. 4) is

1. Primary seal - Seal formad by the sealing faces of the seat and primary ring. Relative rotation
occurs batween thesc sealing faces.

2, Secondaxy seal - Heal formad by the sealing suxfaces of the secondary ring. In the case of a bel~
lows seal the sscondary seal is the bellows itself.

3. Static seal - Seal furmed by tha mating surfaces of the primary ring and its carxier (in some de-
signs the static seal is an interference fit).

4. Self-acting geometry - Lift-pad geometry (Rayleigh stsp bearing) and mating face which togethar
produce tha thrust baaring action to separate the sealing surfaces.

S. Film thickness (h) - Distance betwesn primary sealing faces or balwean surfaces forming the salf-
acting geomatry. For parallel surfaces the film thicknaess at tha primary seal is the same as at the
self~acting geometry. (Note that h may very with radial and circumferential position and with time.)

6. Seal head ~ Assembly that is axially movable and consisting of primary ring, its retainer (if any),
and its carrier, (The ratainer and the carrier are combined into one part in some designs.)

The nomanclaturs applying to single parts (Fig. 4) is

1. Seat ~ Part having & primary sealing face and machanically constrained with respect to axial mo-
tion.

2. Primary ring - Part having a primary sealing face and not constrained with respact to axial motion.

3. Sacondary ring - Part having secondary sealing surfaces which mate to the secondary sealing sur-
faces of the carriers.

Force Balance

Goneral desgription. - To determine film thicknesses and leakage in a self-acting saal, the axial
forces acting on the seal head (assembly of the primary ring and ita carrier) must be determined over the
range of operating conditions. These forces comprise the self-acting lift force, the spring force, and
the pneumatic force due to the sssled pressure. Essentially, the analysis requires finding the film
thickness for which the opaning forces balance the closing forces. When this equilibrium film thickness
is known, the leakage rate can be calculated. This force balance analysis is readily obtained for the
steady-state casa in which tha seat face has zero runout. (A ssat with face runout causes dynamic
changes in film thickness; this ia a complicating factor which is discussed in & later ssction., TYor
nost seal design purposes the steady-state solution is sufficient.

The following sections cutline the analyuwis used to obtain seal performance pradictions over the
operating range; for aircraft gas turbines this range is mpanned by the idle and takeoff seal prassures,
temparatures, and sliding spseds. To provide an exampls, the 16.76-cm (6.60-in.) diameter seal was selec-
ted for illustrating the performance prediction analysis, Also, for compaxison purposes, the performsnce
maps are given for a 6.44-cm (2.54~in.) diameter seal.

Primary Seal Pressura Gradient

To establish the axial force balance of the primary ring, the pressure gradient in the primary seal
must be determined. (See Fig. 4 for primary seal location.) The mathematicel models described in Refs. 5
toc 7 were used for these calculations. From a gas leakage flow standpoint the primary seal is a long pas-
sage. For sxample, & typical operating film thickness of a self-acting seal is in the runge of 10.2 um
(0.0004 in.), and a typical radial length of the primary ssal is 0.127 pem (0.050 in.). Thus, the langth to
height (4/h) ratio of the flow channel is in the range of 125/1. Data from Refs. 6 and 7 shov that this
leakage passage has the following qualitative features:

1, Laminar leskage flow prevails over much of the range of interast in seals for gas turbines (pres-
sure range of 345 N/cw? abs (500 psia)).

2, Sonic velocity (choking) can exist at the passage axit for soma of the larger pressure ratios and
film thicknesses which occur in seal operation.

3. Premsurs profilas across the primary seal for choked and nonchoked flow can be very different.

4. Since the primary seal radiaul width is small compared with its diameters, the ares axpansion effact
on flow can be ignorad.

5. The leakage flov and pressure profile are significantly different if the surfaces of the primary
seal are not parallel. (See Ref. 8 for a discussion of the offects of convarging and diverging sealing
surfaces.)

The primary seal mathematical model used in the one-dimensional snalysis of Kefs. 5 and 7 4s shown in
Fig., 6. As mentioned, tha area expansiou effects are ignored, and the modal is a passage of height h
and length 1£.

Trom stagnation source conditions of Py and Vi (see Yig. 6) an isantropic sxpansion is considered
to occur ahead of the entrance to the primary seal gap. Thus, the entrance pressuras, l’%. is leas than the
stagnation pressurs P), and the entramnce velocity, V3, is s finite value. To account for entrance loss
and viscous friction, it was found necessary to use an entrance loss cosfficient. Thus, the entrance ve-
locity, V2, is less than that calculated by isentropic expansion. In a latex section the entrance affects
are discussed in wore detail,

Flow in the sealing gap is ssmumad one~dimensional and a friction factor is introduced to asccount for
viscous losseu. At the exit, three conditions are considered in the analysis: TFiret, exit valocity, V3,
is auosonic and exit pressure, Pj, is aqual to reservoir pressura, P,. Second, exit velocity, V4, 1s sonic
and exit pressure, Pj, is equal to reservoir pressure, P4. And third, exit velocity, V3. is sonic, the
flow is choked, ard exit pressure, P3, is greater than the ressrwir pressure, Pu.
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If tha flow is subsonic throughout, the analysis reduces to ths following eqguations:

3 2 2
2.726 b’ L(PS - P;) [sctm
char™ ‘"1 &
a, Leakags flow rate Q= TR <Ly (¢ )
{0.0012!7} WRT(R, = By {lc-}
b. Pressure distribution ’z 1/2
LY = )
Parallel film case Pap.f1-(Q1-
¢ ?I o
[
1/2
[(;3-5 - l]h:x(i!l + ax)
Small daformstion case Pepil+d 1 i ) )
2(!0 - i_)h.(l + ox)
c. Ssaling dam force
Parallel film case C4)
(Evaluatad
Small deformation case | I A f (P - P-u) dx nuesrically) (3)
0

Typical pressure gradisnts across the primary seal for two design points (idle and take-off) for the
16.76 cm (6.60 in.) diameter seal are shown in Fig., 7; thesa data were developed by the analytical proce-
dures of Ref. 5 and is given in wore detaii in Ref. 9. The important point is that choked and nonchoked

flows can have pressure gradiants with very different shapes thus affecting the opening force, which is
the integrated force under the pressure-gradient curves.

Self-Acting Geometry

The self-acting geomatxy (1ift pads) consist of a series of shaliow recesses, typically about 25 ym
(0.00L in.) desp, arranged circumferentially around the seal undar the primary seal face as shown in Yige.
4 and 5. An ilmportant point is that thae 1ift pads are bounded at the inside diameter and ths outside di-~
smater by the sealed precaure Py. {This is accomplished by feed slots connecting the annular groova di-

rectly undar the primary seal.) Therefore, the pressure gradiant, due to gas leakage, cccurs only across
the primary sasl and not across the self-acting geometry.

The eelf-acting geometry is approximated by the wathematical model (shown in Fig. 8) in which the
curvatuce effects have baen neglectad. This mathematical wmodel and associated analysis ure describad in
detail in Ref. 10; the following restrictions apply:

1. The fluid is Newtonian and viscous.

2. A laminxr flov regime is assumad.

3. Body forces are negligibla.

Figure 9 shovs the calculated 1ift force (see Ref. 10 for details) produced by the self-acting geow-
atry for idle and take~off seal conditions, Inspsction of Fig. 9 reveals that at film thickneuses of
247 um (0.0005 in.) and greater tha lift force is small. Howaver, at film thicknesses less than 2.7 um
(0,0005 in.) the lift force increases ms the film thickness decreases, and as a result the nelf-acting
geometyxy has a high film stiffnoss which enables the seal head to track the face runout wotions of the ro~
tating seat face. As wantioned previouslv, the seli-acting 1lift force tends t¢ open the seal, and is
added to the primaxy seal opening force to obtain the total opening force.

Closing Forces

The closing forces acting on tho primary ring are a spring force and a pneumatic forca. S8ince the
full wssaled prassure acts to the inside dismater of the primary seal, the net pneumatic closing forca acts
only on the annular area betweaen the primary~sesl inside disseter and the sscondary-geal outside diameter.
Yot the 16.76-cm (6.60-1in.) diawater seal this annulaxr area (wee Fig. 10) is 4.66 (0.722 in.2), and the
resulting closing foroes dus to the sealaed pressure ars listed in Tab. I, for idle and take-off sealed
prassuras. It should be noted that thess closing forces are for aversge dimensions at room temparature.

At operating temperature a thermal growth difference may cause a changs in the relation betwesn the

sacondary-sesl outside diameter and the inside diamater of the primary seal, ‘%hus, the closing force
could ba a function of temperature.

Equilibrium Film Thickness

In a rubbing contact ssal the closing force is resisted hy sclid-surface rubbing comtact; thus, a

But in self-acting seals the forue balance im achievad without rubbing
Thexefore, for a given design point tha seal will operate at a film thickness such that the

total force balance is achieved.
contact,

)
i
y
1
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total opening force exactly balances the total closing force, and, ae illustrated in Fig, 1l from Ref. 9,
the intersection of these force curves gives the atesdy-state equilibrium filw thickness, (This film

thickness determination does not take into account dynamic running factors such as seut face runout and
piston ring damping.)

Each operating point should be checked £0!' aquilibrium film thickuess. If thase film thicknesses ars
not satisfactory, it may be possible to adjusi the closing foxce such that all operating points fall within
a gacisfactory limit., Experience has shown that the satismfactory film thickness regime is about 2.5 um
(0.0001 in.) on the low end (soms tolerance to thersal deformation must be maintuined) and 0.0013 um
(0.0005 1n.,) on the high end. These limits ara only approximate arnd dapand to a large extent on the dy~
nanic and thermal conditivn to which the seal is subjected. The high liumit of practical film thickness is
established by seal dynamics and leakage considarations. In particular, the primary ring response to the
saat face runout bacomes axcessive as the mean film thickness increases (Ref. 1ll1); this is bacause the
stiffnass of the gas film decreases as the filu thickness iucreases.

Pexformance Maps

Once the squilibrium film thickness is found, the predicted lsakage can be determined by using the
one-dimensional method outlined in Raf. 5. By croms-plotting the squilibrium film thicknemss over the leak-
tge curves, a performantd map can be generated; and typical data for the 16.76-cm (6,60~in.) diameter seal
is given in Fig, 12 (from Ref, 12). Inspaction of Fig. 12, which covers a range of ssaled prassure diffar-
ential from 34 ro 276 N/cm? (50 to 400 psi), reveals that sir leakzge increaves as spsed is increased; this
is dua to moxe effective Reyleigh step bearing performance. Also for my giveu spesd, as pressure is in-
creased, the aquilibrium film thicknsss increases slightly. This suggests that the net pneumostatic forae

(pressure gradiant scross the sealing dam minus the closing force due to the sealed pressure) is decreasing
slightly.

Paxformence maps (Fig. 13) for a smaller seal (6.44 cm (2.54 in.) nominal diamster) are similar except
that the design selection of the pnuumostatic forca balance led to a decreasing film thickness with in~
ocreasing pressure. Figure 14 shows the construction details of a small diameter seal design.

Care is taken to insure flatnesd of the sealing surfaces after assembly. The sesl sent 18 keyed to
the shaft spacer and is axially clawped by a machined bellows which uxexts a predetermined clamping force,
thus minimixing distortion of the seal seat. The baellows also acts as & static ssal betwesn the saat and
the shaft spacer. Cooling oil is passed through the sest to reduce thermal gradieuts, and the oil dam dimc
also sarves as a heaat shield. Windbacks are used to prevent oil from approaching the sealing surfaces.

Inlet Effects

As muntioned previously, shaft saals for gases have very small sealing gap heights h (direction pex-
pendicular to the leakage flow), and thase ara in the range of 2.5 to 12.5 um (0.0001 to 0.0005 in.). In
the direction of flow the gap length & i¢ ralatively long, in the range of 1270 um (0,05 in.). In other
words the leakage channel is long and narrow with &/h ratios of over 100. The mathematical wodeling of
this leakage channel is critical, in that the validity of the equilibrium film thickness prediction de-
pends to a largs part on the accuracy of predicting the pneumostatic opening forces on the primary seal;
this is thes pressurs gradient which accompanies the leskage flow. The fully developed portion of the flow

is readily obtained (Ref. 5), but the entrance region locss data for seal configurations and oparation is
generally not available.

Data with some applicability has bsen developed for gas lubricatad bearings. But the flow in the
cavity region just bafors the inlet of gas thrust bearings is generally different from that before seal
configurations because tha flow to the inlet of thrust hearings is often a strong function of radius and
not so for seals. For this remson the inlet condition in bearings can bs sonic or even supersonic. In

this regard sonic, or suparsonic, inlet flow is not predicted by the seal mathematical model (Ref. 5); and
subsonic inlet flows are thought to prevail.

As an illustration of inlet effects the mathematical wodel of Ref. 5 was used to calculate the pres-
sure gradioni for the small dismeter sesal dapicted in Fig. 14. Aassumed gap thicknesses ware from 2.54 to
12.7 ym (0.0001 to 0.0005 4in.) and the oparating conditions assumed were

Sliding speed 198 w/mac (650 ft/sac)
Sealed gas temperature 677 X (750° »)
Sealed gas preasura (Py) 148 M/cm? abs {214.7 psia)
Baaving cavity prassure (Py) 25.6 N/cm? aba (37.1 pata)

A constant inlet cosfficient of 0.6 was assusmed for the range of gep heights, and the prassure gradisnt
curves are as vhown in Fig. 15, in which the aress under tha curves reprwsent an opening force. An impor-
tant point is the fnlet pressure loss: the mathematical modal pradicts that the smaller leakage gips have
less inlet loss than the larger gaps (assuming the inlet coefficient is constant). The other point to note
is that the larger gaps are operating under choked flow conditions st the exit, while the smaller gaps are
not choked. The choked flow condition tende to incroase the area undar the curve, but the inlet loss tends
to decrease the area (decreass closimg forca). The nat result is a smaller closing force exists under the
curves for the largex gape. This is baneficial since it introduces positive axial filw stiffness; that is,
if the leskage gap closss, the opsning forve increases, and this ten’s to hinder further zlosing. This ie
& desirable feature since it is & positive etabilixing force from a dynamic operating etandpoint.

In order to chack the inlet loss coefficient magnituda which applies to seals, expaxrimsnts vers made
wiing & scaled-up simulated primary seal with a fixed clearance of 25.4 um (0.001 in.). A schemstic of the
test rig is shown iu Fig. 16, and an example of tha ::5- obtainad is ehown in Fig. 17 for & pressurs ratio
of 10 with an upstream reservoir pressure of 62.1 N/ (90 peim). In addition to the inlet loss the pree-
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sure gradient across the primary seal was messured by means of a s¢t of small diameter pressure taps,

Analysis of the dats shows the inlet coefficient to be 0.66. In addition the data provides a conven~
jent check on the accuracy of the primsry ssal pressure gradient model of Ref., 5. Figure 17 shows some
deviation butween the msssured data and the calculated profile but the agraement is good. It should be
noted that a slight convergent deformation, if it actually exists in the rig, will produce the deviation
chown. And, in fsct, analysis revealed that theory and experiment will sgree exactly if a convergent de-
formation of 0.0004 radisn is sssumed; and for this case the coafficient drops to 0.61. It is apparent
from theoretical data (Fig. 15) and weasurad data (Fig. 17) that neglect of inlet affect in the mathemati-
cal modal for the pressure gradient will reeult in a pradicted upening force which is too large. This is
the significant point of the data.

Adverse Operating Conditions

Effact of nonpsrgllel sealing faces. - Figure 18 chows, in an exaggerated manner, the axisymmetric
coning displacement of the seal seat. (The primary ring could also be coned.) This type of coning dis-
placemant, which can be caused by thermal gradisnts, results in nonparallel faces within the primary seal
and the self-acting geometry. Thass nonparallel faces have a significant affect on load capacity of the
self-acting geomstry; also the primary ssal opsning force is affected. ‘'fhus, in desipn, the equilibrium
operating film thickness should also be calculated for anticipated coming displacements.

As an sxample of the affact of this coning, cruise condition oparation was checked (using the methods
of Ref. 9) for equilibrium film thickness for a distortion of 13 ym (0.0005 in.) across the self-acting
pad. This is a distortion of 2 milliradians and ie typical of soms seal oparation (Ref. 12),

Yigure 19 shows tha self-acting lift force for tha 2-milliradian distortion of the seat face. Note
that the force is plotted as a function of the mean film thickness of the self-acting pad. Alsu plotted
is force gensrated for a parallel film, and comparison shows a significant reduction in 1lift Force dua to
the axisysmsetric coning, espacislly at the lower film thicknesses.

As noted previously, the primary seal opening force is also affected by nonparaliel faces; and this
was calculated by using an snalysis similar to Ref. 7 for the 2-milliradian distortion. The rasults are
given in Fig. 20. Yor the divergent deformstion shown in Fig. 18, there is a marked reduction in opening
force as tha film thickness decresses (negative filwm stiffness). In contrast, for convergent deformstion
the opening force increases as file thickness dacresses (positive film stiffness). However, in aircraft
mainshaft seals, the divergent deformstion is & natural tendency dua to theimal gradients.

Finally, in Fig. 21 the equilibrium film thickness for a 2 milliradian distortion is found by finding
the intersection between the total closing foxrce and total opening force. 'The mean f£ilm thickness is about
1.69 um (0.00066 in.). Thus the minimm film thickness is 10.4 um ¢0.00041 iun.).

With the equilibrium film thickness values for the axisymmetric distortion, the gas leakage was calcu-
lated by using the mathod previously outlined. The rasults revealed that the leakage xate for the
2-millixadian deformation was nearly twice that of the psrallel-face cases.

} 4 face r « = The praceding analyses were fo: operating film thicknesses that did not
vary with time. This would be the situation 1f the rotating ssat face had zero runocut. However, the seat
face will, in genersl, have uows runcut (misaligned with respect to axis of rotation); and in particular,
the maximum runout used in practice is of interest since it will {nduce the maximum time~dupsndent film
thickness changes.

Of interast, then, is hov the primary ring responds to the runout wotions of the seat face. This re-
sponse detarmines the fils thicknesses at any instant. Experimental datas reported in Ref. 13 reveal that
the primary ring can follow (dynamically track) the seat face motion over & considerable range of face
runouts. These data wers obtained by wounting two proximity probas (90° apart) on the ring retainer and
recording the change in filw thicknsss as a function of time. A schematic showing the probe location is
siven 1n Mg, 22, Some results from Ref. 13 are givem in Fig. 23 vhich shows that for a seat facs runout
of 20 ym (0.00085 im.) full-indicator reading (F.I.R.), the ring response is in phase and the total change
in film thickness ie 17 ym (0.00067 in.) and that the film thickness varies circumferentially; that is,
the film thickness is not axisymsstric and is similar to that depicted in Yig. 24.

This nonsysmstric angular misalignment is an inherent tendency becauss of secondary seal friction and
seal head inertis, which are introduced by the tracking response to the seat face ax{al runout. As the
high point of the seat face runout (see Yig. 24) rotates, the seal head must move back, and this is re~
sisted by ths sccondary ssal friction and head inertia; thus the film thickness tends to be esmaller oppo-
site the high point of face runout. In contrast, tha friction and inertis are scting in opposite dixec-
tions at the low point (180° sway). Therefore, a rotating force couple eximts which is synchronous with
the face runout (if the seal head 1s properly tracking the seat wotion); this causes the sealing faces to
have an inherent sngular misaiignsent.

As previously indicated, nonparaliel faces cause changes in the pressure gradient across the primaxy
seai and, therafore, effect the contribution of the primary seal to seal stability; this contributiou can
either bhave a positive (converging faces) or negstive (diverging faces) effect. Table II (from Ref. 14)
outlines some of the possible primary seal distortions, axisymsetric and nonaxisymmetric; and the result-
ant contribution for seal stability is indicated. Table II was constructed for incowpressible fluid but
thass stobility wodels, in general, alsc apply vhen sealing & compressible gas. For gas turbine mainshaft
seals, modal X, with the sealed pressurs at the inside diamster, is probably the most prevaleant with the
nopaxisysmetric displacemsnt (angular misalignment) buing produced by the response of the seal head to the
face runout motions of the ssat. The axisymmstric portiom uf the nonparailel displacemsnt will he dus to
thermal gradient which arises because of two affacts: (a) the temparatura gradient betwesn the sealed gas
and the bearing vump, and (b) tha shearing of the fluid filw in the primary seal. Analysis suggests that
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the ‘t‘l}q) ']l Goning can readily pradominate, tharefora, with reference to model B of Tabl IXI, B will be
‘r{qﬁcﬁm n Y, and the seal force will ba divergent over tha full 360°; this is a destabilizing condi-~
til. i nd qxnr'all seal stability must ba provided by the self-acting geomatry if rubbing contact is tc be

g[n:!l'd it
avedy 'ﬁ#ﬁu e

Alll"ugl”iyticll program has besn developed for the purpose of predicting primary seal ring response to
seat face runout (Ref. 1l1). Analyeis of the 16.67-cm (6.60-in.) diameter seal depicted in Fig. 4 revealed
that the primsry ring response is markedly affected by sacondary seal friction and by inertis of the pri-
mary ring assembly. The friction effect is illustrated in Fig. 25; as runout ingreases, there is a fric-
tion level that, if oxcseeded, will retard the primary ring motion to such an extent that rubbing contact
!fq,.], , qecur (line (1)); also for the highar face runouts thers is a friction leval below which the inertial
qg g8 are so high that the primary ring cannot follow the rumout (1ine (2)). ‘Tharafora, some friction is
t

) bly desirable for most applications because of the practical limits on control of face runouts., PFur—
er, the date suggest that the primary ring assembly inertis should bs kept as small ao practical in or-—
der to maintain good cesponse (avoid unstable operatiom).

In a detailed analysis (Ref. 1l1) thres different types of nosspiece raspousas wers revealed by a
paramatric study using different magnitudes of seat face runout and secondary eeal friction. These three
casas are

Casa 1 - Primary ring motion duplicates seat face runout motion end can be described by rotation
(rocking) about two orthogonal axes. However, bucauss of primary ring inertia and/or friction, the face
of the ring has an angular misalignment with respect to the face of the seat. Therafore, the film thick-
nass between the faces is not uniform (see Tab. II, model D).

Casa 2 ~ Same as case 1 plus an additional axial vibration component.

Case 3 - Seal failure (film thickness reaches zero). This case can occur when the frictional forcaes
are either two low (vhen inertia forces are high) or too high for the available load capacity of the self-
acting pads.

An anslysis was made of the seal head dynamic response of the 6.44~cm (2.54 in.) diameter seal with a
seat face runout of 13 um (0.000512 in.) and with secondary seal friction considered. The mathematical
wodel described in Ref. 11 was usad, and the date are given in Fig. 26, in which the minimum film thick-
nass is given as & fuonction of time for a seal sliding spead of 244 w/sec (300 ft/sec). The plot in
Fig. 26 ghows stable operation with a minimum film thickness of 5.6 um (0.000219 in.) was schiaved within
& very short tima span; stable operation of the case 1 type (tracking without axial vibration) was pre-
dicted.

EXPERIMENTAL DATA
16, 76~Centimater (6.60~In.) Nominal Diameter Seal

Tabla III (from Ref. 12) shows typical experimental data on the large diamater seal. The wmaximum com-
bined conditions attempted in the rig test were a sliding speed of 175 w/sec (575 ft/sac), & sealed gaw
tewparature of 811 K (1000° ¥), and & sealed pressura of 207 N/ gege (300 psig). This set of dats and
resuliing posttest inspection of the perts confirmed the analytical predictions that the seal would
function without rubbing contact at opsrating conditions axpected in advanced engines.

Figurs 27 (from Ref. 12) shows some experimentally obtained leakage results compared with the pre-
dicted total leakage (combiped primary and secondary seal leskage). The correlation is reasonable, and
the experimental data show the scatter typical of leakage values obtained throughout the teat. This scat-
ter in results is due to the strong dependence of leaksge on sealing clearance (A very small change in
clearance will produce a significant chunge in leakage. See formula (1).)

In addition to the performanca evaluation at various operating conditions, the seal was subjected to
a 320~hour endurance test (Ref. 15) at the following test conditions:

120~hy segment 200~hr sagmant
Sealed air temparature 775 % (1000° ¥) 775 X (1000° ¥)
Sealed pressure differential 138 N/cm* (200 psi) 138 N/ca? (200 pei)
Seal velocity 122 m/aec (400 fr/wac) 122 w/asc (400 ft/sec)
Spring load 68.5 N (15.4 1b) 68.5 M (15.4 1b)

During the first segment of testing, sesl lewkage averaged approximately 0.33 scwm (11.7 scim) as
shown in Hg. 28, During the second segment, leakage averaged 0.40 scmm (14 wcfm) for tha first 100 hours,
and lacreased at the rate of approximately 0.03 ascam (1 scfm) every 20 hours for the sacond 100 hours.

Inwpection of the seal after the 320 hours suggested that the gradual increase in leakage was dua to
air-entrained debris erosion of tha sealing dam. (Exosicn dus to debris is discussed in the following sec-
tion.) A profile trace of the carbon primary seal face taken after 120 hours of endurance is shown in Fig.
29(a). The despest scratch (air entrained debris) in the sealing dam was approximately 3.08 um
(0.0002 4n.). 'Tha averags Rayleiph pad wear for the 120-hour test was less then 1.27 um (0.00005 in.).

After the sscond segment of testing the carbon primary seal and sesl meat were still in good conditiom.
A profils trece (Yig. 29(b)) taken at the same location as the traces in Fig. 29(a) shows wore shallow
scratches 2.54 um (0.0001 in.) desp. The average wear on the Rayleigh pads for the second segment of
200 hours was lass than 1.27 um (0.00005 in.).

The effects produced by air entrained debris wera checked by the introducticn of abrasive particles
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(Arizona road dust) into the tast rig at the rate of 3.5 g/hr over a 14.5~hour test xun, Data indicated a
. ) gradual increasa ja seal leakage dues to wear of the sealing dam by the air entrained dirt. No significant '
i . vear occurxed to the Rayleigh step pad portion. The erxcsion wear pattern of the primary seal is shown in i
T Fig. 30, which is a surface profile trace taken radially scross the primary sesl. It is thought that the !

) sealing dam wear may procead until the leakage gap haight hscomes large anough to pass ths entrained .
| debris. |

{
6.44-Centineter (2.54=In.) Nominal Diamater Saal ;

Table IV contains gas leakage data for relatively small diameter self acting seals (mee Fig. 14) oper~
ating in a test rig over a pressure differentisl ranga from 23 to 111 N/cw” (34 to 161 psi) snd & sliding '
speed range from 91 to 183 w/sec (300 to 600 ft/sec). (This is a rotative spesd range of 27 300 to 54 600 |
rpm. )

. Tha test setup containad two seals, one forae and ons aft of the rig besring. This eimulated a bearing
compartmant in a small gas turbins. Neither the forward nor the aft carbon nose or seal meat showed sny
veaxr during this avaluation (Tsb. 1V, from Raf, 16). Thus the ssaling surfasces were saparated by a gas
film ovar the entire matrix of operating variables. This suggests that the gas bearing film stiffness vas
sufficiant to prevent rubbing contact under the high inertis forces which ars associated with high rotative
speeds (inertis forces increase as the square of the rotating speed).

T S

Data in Tab. IV indicate a sasl leakage increass with a sliding speed increase (for any given pres-
sure differential). This leakage increase iz due to a alight increase of the sealing gap.

To furthar explors the operating limits of tha small diameter self-gcting seals, 500 hours of endur-
ance oparation at amblent tempsrature (~38L K (225° ¥)) was conducted as follows (Ref. 16):

| Hours Bpeed Alr pressure ]
R differential (max) ﬁ
i /s | ft/sec| rpm 2 i
1 N/cm® abs psia é
. t : 1-100| 143 | 475 |43 000 125 181 ¢
, 100 - 200 | 152 500 45 500 129 186.5 |
! ' 200 - 300 | 160 | s525 | 47 700 130 189 1
‘ 300 - 400 168 [ 550 |50 000 129 187 |
! 400 ~ 467 | 175 575 52 300 128 186
'l 467 - 500| 183 | 600 | 54 600 128 186

The same aft seal carbon and seat were used throughout the test, and a forvaxrd carbon ring was used i
that had previously operated for 150 hours.

Table V from Ref. 16 outlines test rasults for the 500-hour run. The last run vnz:ypicnl of the air-
flow that can be expacted through two seals at sn aix pressure differential of 127 N/cm* (184 pwi); approx-
imataly 0.007 kg/mec (12 scfm or 0,015 1b/sec).

]

|

! ! The dapth of the self-acting geomtry was checked by surface profile messurements foxr the purposa of

1 ; monitoring the wear process. The average total wear of the carbon rings during the 500-hour test was 51 ym

I (0.0002 in.) (Ref. 16). In addition to endurance runs, the effect of seat face ruvout was svalusted in a
' 10-hour test run by using seats which had been machined such that in the assembled state s full indicated
runout of 50.8 ym (0,002 in.) existed; this magnitude is twice the usual practice for conventional soale of
: this eize rangs. Baseline tests wars also conducted on seal ansemblies which had runouts of 15 um
i (0.0006 in.)., A comparison of leakage rates is shown in Fig. 36. Naximum spaed was 43 000 rpm or 145
| : w/ear. (475 ft/sec). Tha daca of Fig. Il rwveal a significant axial runout effect on leakags rxate, the
i seals with 50.8-um (0,002-in.) seat face runout - having sbout threa times the leaksge of the seals with
; ‘ normal runout values (15 um (0.0006 in.)). Inspections after the two tests, 10 hours of basaline testing
: and 10 hours of testing with 40.8-ym (0.0020-in.) runout, ravealad that wear was insignificant; therefore,
| ! noncontact oparation was maintalned in both 10~hour tests. The increase in leakage over the basaline test )
l ! is dus o & greater svarage film thickness induced by response of the primary ring to the sest face runout
‘ g (vaa pravious discussion on effects of sest face rumout). f
g i
1 i
|
i
|

Spiral Groove Self-Acting Seal

The Rayleigh step besrings of the smell diamater seal depicted in Fig. 14 were replaced with a set of
i spiral grooves (wea Fig. 32), and the seal was run at simulate eugioe couditions. Typical seal leskage

. ; data are shown in Mig. 33 (from Ref. 17) for eliding speads of 182,9 w/sec (600 £¢/ssc). Data at other
X ' sliding speeds confirmed that the geaneral trend for self-acting seals was u lsskage increasa as sposd in~ '

creased. The leakage, however, was velstively low and considered within the usable vange for application {
in small gas turbine enginan.

| ’

A 54-hour sndurance xun woe made st 148.1 l/m2 abs (213 pais) sealed pressure and the datu are given
in fab, VI. Tho slidiug spesdo rangsd from 122 to 243.8 w/sec (400 to 800 ft/sec), vith the majority of |
the time being at 213 w/mec (700 ft/sec). The moxiwem slidiag speed of 243.8 w/sac (800 ft/sec) coxvre-
sponds to & maximum rotating speed of 72 500 rpm,

The massured wear in the spiral groows region sfter tha 54 nours of operation vas (Ref. 17):
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Leakage Rate Comparison to Conventional Seal

Leakage tests wers made on various convertional seals of a size comparable to the 6.44~cm (2.54~1in,)
diemater Rayleigh etep pad seal (Fig. 14); the comparison is shown in Pig. 34, In general, the plot showa
that the self-acting face seal has the potantial of significantly reducing leakage as compared with the
conventional seals.

Of the conventional configurations, face scals allowed the least air flow at high pressure differen-
tials., Circumferential segmented veals ars as tight as face seals at moderate operating conditions; how-
aver, experience and the subject test program results have shown that at pressura differentials above
41.4 N/om® (60 psi) and speeds above 107 w/sec (350 ft/mec), these (unbalanced) circumferential segmented
seals rapidly wear out and finally operate as labyrinths. In that case there is little to chooss betwaen
circumferentisl, rotating ring, and labyrinth seals in terma of air flows.

To gain soma perxspactive of the magnitude of air flow under discussion, engine experiance hus shown
that excessive air flov into a bearing package incorporating seals of tha size used in the test program
would be in tha order of 0.012 kg/sec (0.029 1b/sec). Taking midpoint values of the range of presuure
differentials in n!. 34, the face seal could not meet this criterion at prassuxe differeutials above ap-
proximately 85 N/cmf (123 pwsi), and the limiting pressurs differential for circumferential segmentad seals
(which wear rapidly), rotating ring seals, and simple labyrinths wouid ba approximately 40 N/em® (58 pai).
The self-acting seal, howevar, did not reach the Iil:l.t:ln! laakago rate and had a leakage of 0.0046 kig/sec
(0.0102 1b/sac) at a pressure diffarential of 107.6 N/ew’ (136.0 psi). In genersl the self-scting seal
had about ona third the laakage of the conventional face seal.

CONCLUDING REMARKS

Self-acting weals are described, and their potential for meeting operational requirements of gas tur~
bine engines is explored by wmesns of predictiva analysis of their operation at sealing spsead, pressura,
and temperature conditions which would be imposed by the engine, In particular, the analytical procedure
is given for pradicting the leakage and operating film thicknesses. Performsnce maps for two ssal sixzes
are glven these ars a 16.76-cm (6.60~in.) nominal diaweter seal sultauble for large angines and a 6.44-cm
(2.54~in.) diawater seal for swall engines. The aralysis and subsaquent operation of thesa seals under
simulated gas turbine conditions raevealed tha following:

1. Aoalysis

a, Noncontact operation with acceptable leakage is predicted over the range of engine operation con-
dicions (idle, takeoff, climb, and cruise) for both meal sixes.

b. The predicted oparating film thickness of the 16.76-cm (6.60~in.) diamater sesl runged betwesn 4.6
and 11.9 pm (0.00018 and 0.00047 iu,) for idle, takeoff, climb, and cruise.

a« The caloulated seal lemkage rates of the 16.76~cm (6.60-1in.,) dissster seal ranged betwesn 0.0l and
0.40 scem (0.4 and 14.0 scfm) for idle, takeoff, climb, and cruise.

d. For a typical oparating condition noncoutact operation was predicted under the assusption of a
2-milliradian face deformation. Gas loskage was about twice that for parallel-face operation.

s. Analysis revesls that the pressure drop in the inlet to the primary seal gives rise to a positive
filw stiffness and has & significant sffect on seal opening forco magnitude.

f. Propar tracking of the seat face runout by the carbon ring ie predicted for practical levels of
face runout magnitudes.

2, Expariment, Siwmulated Engine Oparation

a. In general the self-acting seals operate, as pradicted, without rubbing contact over the rsnge of
simulatad engine operating conditions. Of particulay interest was: (a} the nomcontact operation of the
16.76-cm (6.60~in.) diametax weal at the advanced angine conditicns of a 152-m/sec (500-ft/mec) sliding
spaad, 4 345-N/cm? (500-psi) sealed prassure differential, and a 811 K (1000° F) ssalad sir tempsrature
and (b) the noncontact opnr-tl«in of the 6.44-cm (2.54-4in.) diawater sesl at a 243.8-w/wec (800-ft/sec)
sliding speed and a 148.1-N/cm* (215 psi) sesled pressure level.

b. The salf-acting face seal leakage was significantly lower than that of conventional seal types.
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TABLE I
Closing Force

Deaign point

Idle Takeoff

Vealed gA® CURPETBLUTE: o 4 ¢ ¢ & 1 4 4 s 31 K (100° ¥) 977 X (130° M
Beal aliding speed. + + + , o ¢ 4 4 4+ o|122 m/mec (200 ft/mec) 13 I/nu (430 2t/amc)

Totsl closing fovom, rt - 'l‘ v

2307 M (52,1 1bt)

Sealed pressure, LRI IR 43 N/cn2 a (65 pein) a1 Nlc- 8 (31.6 peia)
Prossure change, &F . . . 4 .« . 4 3.5 Nom? (30 psi) 207 Nfow?® (300 ped)
Beslad-pressure alesing forge, 'P . 160.6 ¥ (36,1 lbt) 963.4 N (216.8 1bt)
Spring foreay Po v v 0 o0 v F1.2 N (16 1bt) 1.2 X (16 1b£)

10346 M (232, 6 1bf)

A e

-

i, -
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TA3BLE 11
Seal Stability Modoli ‘
! Pressurs Axial Restoting p
pattexn stiffness noment :
A, Parcllel i
, ﬁ Dh Py < P, | Actoymsstric | zero Zere ?
i m ‘dﬂ P > b, | Axteymsetric | zero Lero ’m
- o Y
1 ;
B. Coned ' 1
K
A m‘ Py < Py | Axisymmatric Bagative | Megative "
. 3
m ﬂ L > r Axisyematric Positive | Positive .
A e— ~ |
-
C, Coned ‘.4
1
ﬁﬂ ml P <P, Axisysmatric Positive | Positive i3
X
\\ t G Po> P, Axisysmetxic Negative | Megative !
I
i \ m— M
. ’ :
D. Misaligned ]
! 4
m] m Po < rt Nonaxisymsstric | Positive | Positive
D ﬂ Py > Py Monaxisymsetric | Negative | Megativa ]
\ i
RECRRR A RAN N AR 7
'
. K. Conad and misaligned
! Aﬂ I}: ro < ¥, Nonaxisymsetyic | Negative | Megative
|
k m ﬁ] p Fo > P, | wemaniuywmetric| Positive | Posttive
M 1 !
1
r‘ f Y
3 ' b
1 ! Y. Coned and missligned l
" i
\ ! AIU ! m Po < ¥, | Monexisymmstric) Posicive Positive
t k
,_: ) m_ ﬁ L > L Nonaxisymsetric| Nagative | Negative 1
\ i [ Y ;
] ’ ! AN\ ]
i ; [ AR LU AN
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]
4
‘( ! TABLE 1l
3 : Typical Test Data for 16.76~centimeter (6.60.-in.) Nominal Diameter Sealt
[ ' !
i ! \
Tims, | Sliding speed | Sesl pressure Atr oll-in Actual total ajr {l
hr temperature | tewperature loakage :
w/sac | ft/nac l/u2 pai K Op K Oy umxlo’ scfm \‘
2,0 111 363 207 300 700 | 600 394 | 250 15.0 L9 !
2,0 2324 323 16.5 34,9
2,0 241 | 3% 7.8 |3.8 (
2.0 259 375 18.8 39.9 ]
2.0 213 | 400 19.6 |41.5 i
2.0 122 400 218 400 b 26.6 536.4 \
8.0 122 &0 293 A28 7.8 39.0 N
1.0 wm 450 207 300 811 | 1000 17.2 36.5 .
3 152 300 17.3 37.0 '
] 140 523 16.3 35.0 |
! i 168 550 ! } 6.5 |33.0 ;
3 «23 175 375 \ 17.9 38,0 |
I |
j net. 12, ]
:‘ 5 {
{ | !
{'I ! |
| :
{ ]
::}l | i
| ‘ TABLE IV
| i
' | Self-Acting Face Seal Evaluation
A ; [6.44-cm (2.54-in,) nominal diameter seal,]
|
1
,l i [T Spead Alr pressura Alrflow Seal
% | : differencial (two aenls) temparatuze
'} ' ; wiuse | 2e/eae | wom? | pet kg/sec | 1b/sec x | °

27 300 9 300 23.4] 34.0 | <9©.0006 | <0.001) 313 | 180
36 400 122 400 2.1 3.3 <.0006 | <.0013 352 | 174 ,
43 500 152 300 23.1] 3.3 <.0006 | <.0013 71| 230 :
54 500 183 600 22.1] 32.0 10011 0024 392 | 246 !
ar 300 91 300 111.4 | 161.5 .002) 0050 36k | 196 !
36 400 122 A0 110.7 | 160.% 0032 0070 33| an
43 300 152 300 109.6 ] 139.0 10036 0079 36 | 236
34 600 183 600 107.6 | 156.0 CoAS 0102 402 | 26y
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TABLE V

' 500-Hour Endurance Test Restults® 4
(Sealod pressure, 148 N/cm? abs (215 psia).]

[Besred pressure, U8 Wea she @15 pota) ]

x| %] x|

122.0 400 33 900 28.7 41,7 | 0.0116 | 20.0 | 0.0255 | 359 | 188 | 360 | 189

Hours Haximm sivflow Maximum cevity | Maxieum seal Cemperature | Mmber
(two seals) P ure of
Yorward At stopes
xa/s | serm | 1b/eec | wen? abo peia K Oy K %
. ~ bl - 100 | 0.011 | 18.5 | 0.024 25.3 36.7 407 | 272 380 | 223 [ ]
I %00-200] .008 | 13.5]| .017 e | aa| s7] 290 | e8] 2% 9 ;
: { "zoo - 300 007 | 12,5 016 1.8 312 421 ] 298 390 | 242 21
-
4 h300 = 400 008 | 4.5 .018 22,5 32.7 420 | 296 395 | 251 9
.I 400 - A&7 007 | 12,8 016 1.2 30.7 420 | 296 399 | 2% 8
1 467 - 500 .007 | 12.0 018 1.2 30.7 426 | 306 407 | 2712 3 i
g “aet. 16, 1
i Bptr laskage results includes leakage through scavenge fittivgs. 1
l
i
| TABLE VI b
i i
| Endurance Test for 6.44-Centimeter (2.54-in,) Dismeter Spiral Self-Acting Seal 4
| I [Sealed air pressure, 148 N/cm? abs (215 psia).) {
’ ]
] . 1
! |
i [Sealed air pressurs, 148 llc:l2 abs (213 peia).])
&
i Accuslated Speed Cavity pressurs Alrfiow Saal tempersture
: tima
| . hx ' w/suc | ft/eec pm N/cl2 abs | peia | kg/eec | mcfa | 1b/sec Yorward Att i
§ ¢
i
|
; 9 152.0 500 43 100 3.0 46,7 0119 | 20.5 0261 | 377 | 220 | 36 | 235
| 19 183.0 600 54 100 n.9 40.7 .0093 | 16.9 L0204 | 402 | 263 | 407 | 273
‘ ‘1 24 213.0 100 62 900 F119Y 407 0079 | 13.3 L0172 | 4% | 358 | 469 | 383
k £ ' 45 213.0 700 €2 900 26,7 8.7 007 | 12,0 L0183 | 480 | 408 | 504 | A8
r’ . 52 218.8% 107 63 800 2.2 46,7 +0104 | 18,0 L0229 | 527 | 490 | 544 | 520 q
' 33.7 230.7 57 68 300 3.2 49,7 +0115 | 20.0 L0255 | 5A7 | 524 | 359 | s47 y
34 236. 4 77 70 100 M. 30.7 L0113 | 20.0 .023% ] 350 | 530 | 362 | 534

54.1 243.8 800 72 300 3.2 49.7 +0113 | 20.0 L0258 | 385 | 540 | 562 | 353
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Fig.6 Mathematical model of primary seal
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N0 200 w0 0 |\ 1
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Fig.7 Pressure gradient in primary sesl, illustrating choked and nonchoked flow. Parallel faces;
mean {ilm thickness hy, , 0.0010 centimeter (0.0004 in.). (From Ref.9)
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Fig.8 Mathematical mods! of self-acting pad with curvature effects neglented

fmem e

N e e ® e




900
180~ 800
160§ 100
Mo

600
120(—
Z 500

w ]

3 - 2

] E w

E —d

£ -

300
sl

200
”h—
zoﬁ— 100
o

16-17

SLIDING TEMPER-  DESIGN
SPEED, ATURE,  POINT
[~ mis Us) X €

137 4500 917 4300}  TAKEORF
———ee—= ] (200) 21 (100) IDLE

J

N(:

4 6 8 10 12 x4
MEAN FILM THICKNESS, h,,, CM

L | 1 ] |
2 3 4 5x1074
MEAN FILM_T_HICKNESS, hm, IN.

—

Fig.9 Lift force of self-acting geometry, Number of pads, 20; recess depth, 0.0025 centimeter (0.001 in.);
fluid, air; parallel faces. (From Ref.9)
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PNEUMATIC CLOSING FORCE

Fig.10 Closing forces — spring force and net closing force due to cealed pressure
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=~~~ QPENING FORCE
-=-- CLOSING FORCE

SLDING TEMPER-  DESIGN
SPEED,  ATURE, POINT
ms gtis) K €p

5 1000 137 460} 977 AN0)  TAKECFF
g 500 \
4 \
m‘— \\
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0 WP~ T=STTITTT g o) X100 DLE
0 0

) 1 | l 1 A
2 4 6 8 10 121410
MEAN FILM THICKNESS, hp,, CM

| 1 1 | }
I 2 3 & 5wt
MEAN FILM THICKNESS,

e IN
Fig.11 Equilibrdum gas film thickness as determined by total seal opening and closing forces,
Paialle] faces (from Ref.9)
az— 10!
wc:g‘osn
M5 (600)
216 400
R 7 (30)
ay— 1 138 (200
.5 g 6 000}
o ¥ "
L . 60
S 2R3 SURFACE SPEED, V,
§ 8 misec ft/sec)
% &
022 10 0 5 10 15 i}
ALM THICKNESS, yim
21t 1 1t 1 1 1
0 0 .z .3 4 5 .6 .1 s
ALM THICKNESS, In.

Fig.12 Primary seal Jeakag? a3 function of film thickness. Nominal diameter seal (from ef.12),
16,76 cm (6.60 in,); seal air temperature, 700 K (800° F); epring force, 75 N (17 1)




Prgssure.
N/cm* abs (psia)

P Pq
O A1 (34.7) 2.542.1)
O 182.6 (264.7) 29.5 42.1)
$ 18,1 (A4.7) 2.0(37.7)
b 113,6 464.7) 19.1 (2.7
A N1A4T 17,757

1

2.12 — 10‘3
SURFACE SPEED,
v,
mis @tis)
24 $00)
£ n \ - 23000
3 \ a0
W o - {
s .angm“ v 152 600
S 5 \- 137 U50)
% & 122 40D)
> | |
1
-0 0053 .08 T.62 .5
FILM THICKNESS, ym
| | 1 |
Kl 12 3 4

FILM THICKNESS, in.

Fig.13 Performance map for 6.44 cm (2.5 in.) nominal diameter seal. Sealed air temperature,

644 K (700° F); spring force, 31,1 N (7 1bf); inlet loss coefficient, 1.0,
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88 " .03sin,) THERMOCOUPLE
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2. COMPRESSION SPRING 7, BELLOWS SPACER
3. SPRING PIN 8. OIL DAM AND HEAT SHELD
4 HOUSING 9, ROTATING SEAT
5. CARRIER ‘10, NOSEPIECE

Fig.14  Self-actin face seal design, 6.44 cm (2,54 in.) nominal diameter
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20—
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7~ INLET RESERVOR PRESSURE, Py um (in.)
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Fig.15 Calculated radinl pressure gradient across primary seal. Seal diameter, 6.44 om (2.5 in.);
scaled gus temperature, 672 K (750° F); spring force, 31.1 N (7.0 1bf); sliding speed,
192 m/s (650 ft/s); sssumed inlet coefficient, 0.6
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Fig.16 Schematic of test rig for measurement . - .{Tect and
pressure gradient across the primary seal
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f, loo— & ———— EXPERIMENTAL
: = == MATHIMATICAL MODEL REF. 5%
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! Fig.17 Primary seal inlet pressure drop and pressure gradient, Sealed pressure, :
i 62.3 N/cm? abs (90.4 paia); pressure ratio, ~ 10; sealing gap, h, 0.0028 cm (0.0011 in.); ]
{ parallel seal faces
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:5, E Fig.18  Axisymmetric coning displacement of seat, causing nonparallel faces in primary seal
,, and in self-acting geometry
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——  NONPARALLEL FACES, 2-MILLIRADIAN
FACE DEFORMATION
—  PARALLEL FACES

b ol—1 411 1
6 8§ W 12 U I 18 0t
MEAN Fih THICKNESS OF SELF-ACTING PAD, hp,, CM

L [ 1 1 J
3 4 5 6 1wt
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ACTING PAD, hy, IN.

Fig.19 Lift foros of self-acting geometry. Number of pads, 20; pad d'epth; 0.0025 centimeter (0.001 in.);
fluid, air. Sealed pressurs, 148 N/cm? abs (215 pain); sliding speed, 153 meters per second (500 ft/sec);
fluid temperature, 700 K (800° F)

= ~==== OPENING FORCE FOR PARALLEL FACES
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Fig.20 Opening force acting on primary ring assembly, sealed fluid, air. Secaled pressure, 148 N/em? (215 psin);
fluid temperature, 700 K (800° F). (From Ref.9)
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Fig.21 Equilibrium gas tiim thicknes as detsrmined by total opening and closing foroes for 2-milliradian face
deformation. Sliding speed, 153 meters per sscond (500 ft/sec); sealod pressure, 148 N/om? abs (215 pela);
sealed gas temperature, 700 k (800° F)
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Fig.22 Schematic showing proximity probe location

I

PROBE ON SEAL RING
0. 0017 CM {0, 60067 IN.)

j SEAT FACE MOUNT F. I, R,
0. 0020 CM (0, 00085 IN. )

Fig.23 Oscillogruph tracos showing response of ring to ssat face runout, Recoas-pad length to land-length ratio,
2:1; rocess-pad depth, 0.0013 centimeter (0.0005 in.); sliding velocity, 6! meters per tecond (200 ft/sec);

! ambient pressure, 10 newtons per square contimeter (14.7 Ib/in.?); room temperature, 300 K (80° F);

| spring load, 1,13 kilograms (2.501b). (From Ref.13)
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, ' Fig.25 Typical stability map of primary ring response to seat face runout
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Fig.26 Minimum clearance from start-up (time = 0) for 6.44 cm (2.5 in.) nominal diameter seal;
sliding speed, 244 m/sac (800 ft/sec)
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} Total time on seal 338.5 hours. (From Kef.15)
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Fig.30 Representative profile trace taken radially across the face of the carbon ring at completion of air entrained
dirt test. Total test time, 14.5 hours
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Fig.31 Alrflow through two seals as function of pressure differential at 145 m/s (475 ft/s) for seat faco axial
runout testing (Ref.16)
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: '- DISCUSSION

| J.G.Ferguson, UK
X [Have you had any problems in your secondary seals especially in the case where you have got run-out?

: : Author’s Reply

. In answer to the question by J.G.Fetguson on secondary seal problems in the self-acting seal, problems generally
| o start to show up when attempting to seal high pressures (over 275 N/cm?) and high temperatures (over 677 K),
! . In general, there have been no problems with the secondary seals (carbon material) in the 6.44 cm diameter seal
tests. However, secondary seal problems (carbon rings and metal rings) have been noted in the 16.76 vm szal
diameter when operating at high pressures and temperatures. Test runs have been made under high levels of

runout axial motion in both the 6.44 cm and 16,76 cm seal and no secondary seal problems that were attributable
to the axial motion were noted.

i U T e T et L L

it o TV e

B.Wrigley, UK

{
The paper states that film stiffness at idle is satisfactory but have high altitude conditions at high engine speed ;
been examined? ‘

!

Author's Reply

At high altitude conditions, no problems in film stiffness are anticipated since the sliding speed is adequate and
the pressure is such that the fluid viscosity s also adequate, From a sliding speed standpoint, tests have shown
that lift-off occurs at relatively low sliding speeds; also numerous tests which have been run at the relatively low
sliding speed of 61 m/sec (200 ft/sec) with both the 16,7 cm and 6.44 cm seals, demonstrated that operation

\ : occurred without rubbing contuct. From a fluid viscosity standpoint, a significant decrease i the seif-acting

1

|

T

pe=res

force will not uccur until the pressure reaches very low values {probably less than 3.5 N/em?a (5 psia)).

, D.C.Whitlock, UK

! : How does the heat generation (particularly heat into the oil system) for the self-acting seal compare with that for
*‘ conventional carbon face seals operating under similar conditions?

O

Author's Reply

4 Your question raises an important point. When the three seul systems, labyrinth, conventional rubbing, and the
A self-acting seals are analyzed for heat load into the lubrication system, we find that the labyrinth seal adds

v cungiderable heut because of the relatively high leakage of hot air into the bearing compartment. Cn the other

ﬁ( | hand, the rubbing seal hus relatively low leakage, but adds considerable heat into the lubrication system by virtue
3

' of the high speed rubbing contact, In contrast, the self-acting seal has both low leakage and low sliding heat
\‘ generation, and there Is a vonsiderabie reduciion of heat to the lubrication system. This consideration becomes

iniportant for those systems (such as some superionic operation) in which there Is competition for tae heat sink
'\ capacity of the fuul,
"$

& 1.G.Ferguson, UK
Does this seal you have described cater for gross-axial movement which can sometimes oceur?

Ix other words: due to the thermal differential expansion you encounter an axisl shift of the rotor und the seal
. _ has to follow this. Have you had problems when this ocourred?

o Author’s Reply

' Following the gross-axial movement, either due to differential thermal expansion or surge motion, should present
no problem since adequate axial motion length can be dcsigned into the seal, and the stiffness of the self-acting
gas bearing is sufficient to provent rubbing contact. There is some test experience that rolates to this question of
operation under axial motion and this was obtained when the rig thrust bearing failed in two tests. In both cases,
the seals survived the bearing failure and associated axial motion without excessive wear.

G.A.Hallk, UK

Both this paper and the one delivered by Professor Dini deul with very similar solutions to almost identical problemns,
That is self-adjusting seals to control bearing chiamber seal fnakage. Would both authors comirent on the differences
and similarities in their approaches to this problem.

Author's Reply
' Both papers cover the same self-acting seal concept. However, Dr Dint) shows in detail aow the scals may be applied
| to a particular gaa turbine engine. I particularly like Dr Dini's epplication approach since it provides a fail-fe test
of the concept. That is, if the self-acting geometry is eroded away by air entrained dirt, then the seal acts as 4




conventional rubbing contact seal; and at the pressure and temperature of his application the conventional rubbing
seal will not fail catastrophically.

L

A In regard to the potential erosion wear problem, our current approach is to place the self-acting geometry (spiral - :
i grooves) into the hard surface rather than in the carbon ring, and this, we feel, will provide improvement in X ]
erosion resistance,

. mecn
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SELF ACTIVE PAD SEAL APPLICATION
FOR HIGH PRESSURE ENGINES

by

DPino Dimi
Istituto di Macchine, Universitd di Pisa, Italy

r SUMMARY

A more efiective and improved engine sealing syotem is analyzed and discussed for application to an ad-
vancad high pressure engine.

Very high leskage results in labyvinth seal applied at high pressure and temperature locations of high-
parformance enginis. A solution to this shortcoming is offered by a self-acting lift pad seal added to

the primary sealiag surface, enabling a very thin gas film separation of the surfaces during shaft rota
tion.

i Detuils of constractionand design to operate at a clearance less than 1/10th that sssociated with laby-
- 4

rinth ceals are giver in the paper. Ojeratiuvn was cbtained at a roteting speed of 600 ft/sac and a j
cealed alr temperature of 600 °F.

The maximum speed and pressure capability is at present tested for use in high-pressure engine applica- 1
' tions. !
8

INTRODUCTION

. The operatjon of shaff seals in high pressure turbo~engines is not yet fully understood.

A large gas turbine engine can have hundreds of major and winor neals for rvestricting gas leakage, pro- ]

Y viding thrust balanciug, metering cooling gas flow, and protecting bearings and other mechanical compo-
‘i nants.

| In addition to being used for cvoling purposes, air from the compressors is used to seal the bearing
housings, mo preventing the leakage of oil into the engine main casings or into the compressor inlat. ?‘
'
J
{

This is achieved by diracting the air across the bearing oil .ealm, the flow being inward towards the
bearing or oil supply, thus praventing the escape of any oil. An oil seal reduces the working clear
ance betwaen the rotating and static members to a minimum value. Oil and air seals may be of various

: forus ., 1
|
i The air that enters the oil system from the vairious prussurized oil seal creats a small positive prev~ ,
X sure to assist the oil return system. Tha sir is finally separated from the nil by a de-aerator sys- )
' tew, which sometimes incorporates a centrifugal breather, from which is vented outboard. :
For exanple, in the two spoul gas turbine engine T53 AVCO-Lycoming of figure 1, three compartment seals 1 p
¥ are located adjacent to the engine main shaft bearings, and are the compressor bearing cowpartment seal i

g and the turbine cowpartwment seals. The turbine bearing compartment shaft seals present critical prob-
. lems to minimizo high-pressure air leakage into the compartment. This seal is face pressurized by com

I}
pressor discharge air, used to isolate the bearing compartment from the hot environment. .
The internal cooling system provides ccoling air to the internal engine components and pressurizes the ¥
i . Bo. 1 snd 2 main beuring seals and the intershaft oil seal. Internal cocling and pressurization air i }
Y is obtained from five different pressure and temperature supplies: from the fourth stage compressor 4
- spucer; from the tip of the cemtrifugal compreasor impeller; from the edge of the combustion chawber ‘

: deflector; from the area surrouading the gas producer and power turbine assemblies; and from external
; air through the hollow atruts of the exhaust diffuser. Coupressed air, bled from the tip of the cen=
& trifugal comprassor impeller, cools the forward face of the diffuser housing snd pressurizes the No. 2
1 besring forward seal, continuing rearward through transfer tubes in the bearing housing to pressurize .
i the No. 2 aft 0il seal. It also passes through a serics of holes in the raar comprassor shaft into the i 4
space between the votor assembly and the power shaft. At this point it saparstes into three separate
; flow paths, none of which flows forward into an sres bestween the carbor elements of the No. 1 bearing
: seal sod continues on the aft face of the intershaft seal, located forward of the No. 1 bearing.
B . The No. 1 bearing seal {s an internally pressurined seal. The radial labyvinths on the forward Iace of
L
1
t

; the seal body are desigued to work in conjunction with labyrinthe on the paddle pump to reduce the flow
of oil to the positive coutact portion of the seal. The positive contact portion contains carbim ele-
mants.

g The No. 2 be iring package contains positive contacts of seals and & controlled gap air seal.

: As the fesd oil is distributed to all the necessary parts of the engine, & substantial awount of sesl~
ing air mixes with it and increases its volume. Therefore, to prevent the flooding of the bearing hous
ings, it is necessury to use more than one pump to 1dturn or scav.nge it to the oil tank. Thiw is a-
chieved by using a pack of pumps, each of which returns the oil from a particular sectjon of the engine.

4 . To protact the pwp gears, each return pipe is provided with a strainer that, during inspectioz, can xa r
. vaal the failure or impending feilure of s coumponent.
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However, Ref. 2 and 3, main shaft sealing is becoming incruasingly critical in advanced gas turbine for hel
icopters. As shaft speeds, air temparatures, and air pressures increass; engine size has decreased, leav-
ing loss envelope to accomplish the sealing function. Because of their non-contacting feature, labyrinth
seals offer infiunite life; howaver, at high preasures and temperatures, simple labyrinths will not suffics,
and complicated multistage labyrinths must be used.

Labyrinth seals comprise more stages of rotating knife edges that act as flow restrictors agsinst rigid
stationaxy surfaces. The gap betwssn the knife edge and the stationary surface must be large enough to
accomodate large dynamic motious, distortions of the shaft, and high leakage in high-performance engines.
0il is entrained as the leakage vents cut of the engine. Venting aud pressurization passages are costly
to produce.

In ordar to overcome thase higher airflows, which must be absorbed by the lubrication system, faca contact
seals are sometimes used. In this application, a seal ring assembly, with a carbon sealing surface, is
held against a rotating seal seat that is attached to the shaft. The non-rotating eseal ring assembly can
mova axially to adapt motious of the seal seat. However, the face contact seal is pressure and spasd lim
ited by the high heat generation and subsequent susceptibility to wear or to determine other surface failures
that can result frow the rubbing contact.

The self-acting lift pad seal has much greater pressure and speed capability than face contact seals, and
gives lower leakage than either labyrinth and face contact seals. A self acting lift pad geomstry, added
to tha primary ssaling surface, permits positive separation of the sealing surfaces during rotation by a
very thin ges film, in the range of 0.0001 to 0.0005 in. Stability and performance of this self acting
scal are of particular interest at rotative spseds to 50,000 rpm, where high inartia forces are induced on
the high pressure and tamparatura gas.

SELF-ACTING LINT PAD SEAL

This type of sealing, figure 2, a finite width pad sealing with side step to limit leakage, offers the sig
nificant advantage of large tolerance to wear, no moving parts snd the capacity to be used as both a hy-
drostatic and hydrodynamic sealing. The desired operating gap betwesn rotating and stationsry mombers of
the seal is generated by a proparly designed hydrodynamic pattern on the seal ring surfaces. Circunfer—
antial steps and recessed pads (pockats) ure typical seal ring patterns used to establish hydrodynamic
face suparation, such as shrouded Rayleigh step bearings. During shutdowm or period of non-ro:ation, the
primary seal ring is held in contact with the seat (rotating xing) by compression spring. Thus, positive
ssaling i maintained.

Like in a shrouded step thrust besring, the side steps have the purpose of limiting the side leskags from
the pockets (recessed pad areas), and this shrouding action (lifting force) gives the seal its neme, The
pads are arranged on the annular thrust surfsce with a radial feed groove (drsin passage) batween each
pad aud its neighbors. The recessed pad srea is depressed an amount, approximately 0.001 inch deep, be—
low the otherwisc uniform lifting surface (side step). As the seal clearance beiween fuce may so amall as
0.0002 inch (less than 1/10th to 1/100th that ralstive to labyrinth seals), a significant amount of atten-
tion has been pald to potential therwal and machanical distortion of these maal systems, Ref. 4. The
ssaled pressurs p_ is imposed by the gas supply. Ambient sump pressure py surrounds the sealing dam, Seat
rotation is anti~lockwise.

During hydrostatic opervation, gas under pressure is supplied to the recessed pad area via the radial fead
groove. During hydrodynamic opevation (rotation of the seat), the high pressure gas is dragged into the
pad and compressed as it passes over the step. The resulting lifting action separates the primary seal
ring and the rotating ring. The etiffness uf the gas film Letween faces results in & stable aquilibrium
configuration for a properly designed scal at operating conditions.

Theis mechanical face seals, operating without rubbing contact, have the obvious advantages of longer life
and reliability and lower power requirements. From tha other hand, there is & maximum frequency st which
a typical non-contacting face seal may be run in the presence of axial runout. As a result of axial
runout, contact will occur betwesn rotor and stator when the stator is no longer able to dynsmically track
the wobble wotion of the xotor. This will happen when a rotor angular velocity is reached where tha gas
film wedge betwaen stator and zotor is not able to generate the torque required to enable the stator to
track the rotor.

Conventional face contact snals, presently used in gas turbine engines, are generally limited to sealing
pressurs less than 200 psi, at sliding velocities below 400 ft/sec, and gas temperature of 200°F,
Surface speads to 500 ft/sec, differential pressure to 500 pai, and sealed air temparature to 1,300°F,
have been demostrated with self-acting l1ift pad seals for advanced airccaft sngines.

Gas film seal performance and anslysis are consldered in Ref, 2 to 11, vhere solution of compressibloe Elu
id ! iuw across shaft face seals with deformation are obtained from an approximate integral analysis, pre-
dicting gas filw seal behavior opsrating at subsonic or choked flow conditions. Laminar or turbulent

flow regimec, entrauce losses, fluid ivertis effecis, sealing face deformation sud lip motion, heat trans
for aud subsequsut stresses, pressure balancing of gas film, designs and experiments, have been object of
datailed development for application on atrcraft sdvanced gas turbine engines.

Kuch significant sualytical work has besu doce, as indicated by the Referonces at the end of this paper,
to provide tha angineer with rational fundations for the design of gas film beavings. To remove the vestric
tions of incompressibility we oust derive a wore yeneral forw of the Neynolds equation, Ref. 12.

A A et
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DESIGN STUDY FOR MAINSLAFT SEALS APPL.CATION

Bacause of high reliability, low leakage and stable gas interface on the rotating parts (to speeds as high
as 20,000 rpm or more), requirements in the design of mainshaft seals; conventional rubbing contact types
are abandoned in favor of non-contacting type seals.

leakage is minimized primarely by the introduction of extarnal forces on the leakage gas; axial forces
(self-acting lift force, spring force, and pneumatic forces due to the sealed pressurs) in the case of the
shrouded step seal, centrifugal forces in the slinger seal, and viscous shear forces in the case of the
scraw seal.

These kinds of non-contacting seals, and new seal concepts of lahyrinth stages, are under test in our lab-
oratory.

The test rig, figure 3, permits simultaneous operation of two seal saxples at the sides of a split inner
race ball bearing. During normal operation, dasired air pressure is maintained into tha cavitias com
prised batween the ball bearing and the refrigerant sides of the seals, and the air that leaks is passed
into the sump. I.e., & pressure differential is available to derive refrigerant gas into the sump. It is
requirad that tha sump pressure be maintainad clrse to the pressure in chamber B during normal operation.
Therefore, the seal leakage must be vented from the sump back to the refrigerant loop as ghown in figure
3. It is required to pass the vented refrigerant through a fine mesh filter to trap the oil particles.
The test rig simulates the effects on the seals with a simple open loop configuration.

The important msasurements pertinent to evaluating seals erformance ars ssal leakage rate, vhich is meas-
urad with calibratad flov meters, and seals temperature which is weasurad with thermocouples embedded in
the carbon graphite stators. The ball bearing and each ssal face are, raspectively, fed and cooled by oil
Jjets. The bearing compartment drains by gravity into a static air-oil separator. To separate air from
the oil returning to the oil accumulator, a de-ascating device and a centrifugal breather are incorporatmd.
The raturn air-oil mixture is fed on the de-asrator where partial separstion occurs, the remaining air-oil
mist then passaes into the centrifugal braather for final separation. The rotating vanes of the breather
centrifuge the oil from the mist and the air is vented overboard. A variation in temperature of the cool-
ing air will give soms indication of seal distress through a thermecouple system £o a temperaturs gauge.
The test rig is suitable for diffarent seal sizes, and supply air temperatures and pressures, to simulate
many operating conditions of bearing oil seal internal pressurization in high pressure gas turbine engines.
For that, the air supply is derived from a large reservoir, in which air is contained at the pressure de~
sired for each test; the temperature level being establishad on the delivared flow by a variable heater.
In such a vay, air may be delivered in the appropriate condition simulating bleeding estraction from a
stage compressor spacer.

The gas baaring, liks the shrouded step seal in figure 2, is offering a more difficult analytical chal-
lenge than the 0il buaring in the governing Reynolds partial differential uquations. As showu in figure
4, the streamlines are uf such a nature that neither the fluid valocity along the = axis nor the first
derivative of the velocity slong the x axis can be neglected at certain locations. Fortunstely, the effect
of dropping the velocity terms msy be checked approximately by using the two-dimensional model. The theory
may be developed for the infinite pad, on the aswumption that the inapplicability of film theory in the
neighborhood of the step will not result in serious srror. Establishing that the pressure within each of
che tvo wiformrthickness filw portions must satisfy Laplace's equation, the pressure at the common bound~
ary is determined by flow continuity, according the pressure distribution in figure 4. For that, the step
pad pad bearing operating load capacity, for & given minimum film thickness is high, and a seal is intro-
duced between hot gas discharging from one pad and relatively cool gus supplied to the pad directly down-
stream from it.

To provide accepiable numerical valuas of sealing performance on which to base the seal design, the pads
are assumed to be linearized and to form a continous strip, referring for computation at the mean diamster
with corrections to account for curvature and for flows across the corners of the pad. In uddition tothis
approximation; all ineriia, entrance and body, effects may be neglected; all flows are considered one-di-
mansional; the racessed pad pressure is dependant on the length dimension only; and steady—state operation
may be applied.

The gas bearing analysis may be carried out starting from the Navier—8tokes equations, appliad to a carte-
sian ¢lemsnt of space, the continuity and enexgy conservation equations, combined with the equation of
stata for compressible fluid. A simplification is deriving from the fact that the gas viscosity is compar
ativaly insensitive to both pressure and temparsture (dry air at atmospheric temperatuxe increases in ab-
solute viscosity of sbout 12X of its atwospheric prassurs value as the pressure is increased to 1,000 psia).
1f inertia and body forces axe considerad to have small effecte on pressure cospared with viscous forces,
and additional assusption of an lszothermal film eliminates temperature &s s dependent variable, absolute
visgosity may be treated as constant over space and time. A further simplification permits the problam to

be treated with the Reynolds equations, in which the space between the solid surface i{s so swall to con-
sider the flow as laminar.

If we assuss an incompreveible fluid in place of the perfuct gas law, making density constant, the set of
equacions of the usual thecry of hydrodynasic ges filme are sewplified to solve the problem of the evalua-
tion of the predsurs st every point in a lubricant thin laminar filw, neglecting inertia and body forcas
and sssuming viscosity to be invariant over space.

In such & vay, the solution for film pressure, as s fimction of x for the infiunite (aicog y directionm)
pad, is xesulting iu the pressure distributiom of figure 4, where Piat Py and P, are, respectively, the

Y
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presgure at the inlet, at the outlet and at the step location.
As an adequate approximation for design purposes of oil thrust bearings, we get, Ref. 13

- - - 2
Py P, 0.718 (pin p.) + (0.412 uul)/h2 (1)

and, for the pad loud capacity

W = 0,718 (ph - p_) BL + (0.206 pub? L)/h: (2)

where B and L are the pad dimensions along x and y axes, and y is the absolute viscosity.

Considering the large influence on the real result of side leaksge, film thicknsess, and step haight (h; = hy),
and the difficulty to take into account all the flow paramsters, it is convenient to give an empirical
form at the expression (2) to compute tha necessary spring load for the high pressure sslf-acting lift seal
ring, with & given numbar of pads as represented on figure 2. In this sense, the incompressibla fluid
analysis may be acceptable.

For svaluating the radial flow between two coaxial parallgl disks, the seal ring and the seat in figure 2,
the quasy fully developsd flov model is widely used.

As in Ref. 4, the balance betwean the pressura and viscous friction force in a control volume, figure 5,
is, naglecting entrance effects,

Aodp--tv'dAv (3)

with A and v, cespectivaly, the cross-ssctionsl area and the viscous friction forca per unit wetted (w)
ares. And, introducing tha hydraulic diameter D = 4A/d Av/d x, the mean friction factoxr f = Tv/p v2/2, and
the mass flow R = p + v+ A (being v the radial velocity), Eq.3 is bacoming (with the perfect gas law

P"PRT)
pedp == 2£RTM « dx/D A2 (4)

Integrating Eq. 4, vith lsminar radial stream, we obtain, Ref. 4, respectively for leakage mass flow, ra-
dial prassure distribution, entrance distribution

K=2whd (2 - p2)/24 uRT1nR /R, (5)
0.%

P=pg {1+ [ Ga/pp)? = 1 x /Ry - B} (6)

P "o/l + (v - 1) ¥/2 c:lY,cY =D (¢))

vhere h, v, M, and C;, are, respactively, film thickness, constant pressure and voluss spacific hsat ratie,
Mach numbar of the entramce flow conditions, and 1lift ccefficient,

In this simplified analysis, influence of seal face deformations due to the centrifugal force, shatt ther
mal coning, other kinds of distortions, and turbulent flow ars of course not considered. Fer applicetion

purposas, ampirical forms of Eqs. 5, 6 and 7 may be usaed.

As shown on figures 6 to 10, labyrinth sesls pormally pracede the shrouded step thrust sesling, to reduce
as possible leakage in betwwen stationary and rotating knives separating different pressure spaces., Lami
nation occurs, without any surface contact, in the gas going from a space to tha othexr through a long and
vinding path., A pressurs drop for each lamination davelops & gas velocity ruaning dowm in the following
free space, which is relatiwely large in comparison to the gas amount passed through the restricted clear-
ance., To continue fts path to the labyrinth outlet, the gms is¢ undergoing another pressure drop for pass-
ing through tha successive flow restriction. By means of au adequate number of laminations, the overpres-
surs in respect to the recelving awbiunt, as well as the gar leskage, will be sufficlently veduced. The
intent is to produce a pressure in the snnular groove which is only slightly greater than that existing on
the low pressure side of the seal, maintaining the desired pressure difference with the other seal side.
In ovder for this codcapt to work, each isbyrinth stage must have several times the gas flow resistance of
the internal vont pussage. Thersfoxs, the saal is comstructed so that the cleuraace betwsen tha rotor aad
the stator parts is minlmized, To cchieve this, the inside dismeter of the seal stator ie constructed
from a carbon grapuite composition and the seal assewbled with sero to 0.002 inch diametral clearance. To
retain a low leakage characteristic throughout the 1ife of the machine, it is essential that the sharp
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tips of the labyrinth teeth not be worn.

A first approximation numerical solution, for many stages of equal pressure drop L and restriction
cross area labyrinth laminations, give a leakage mass flow

M -

M=s vp (p’l 1’2"")/131 n (8)

where s, 1, p, and p,, are, respectively, the restricted cross sectional arsa, tha number of stages, and
the pressures on the two sides of the labyrinth seal.

Espression 8 is derived by combination of the restriction velocity v = v2 (Pn =Py +1)/°' the average
pressure p = (p; *+ P, 4 1)/2 in & swall prassure drop, and the mass flov H=svp after n stages with a
known total pressure drop (p; = pa).

As shown on figure 9, an oil slinger seal is following the No. 1 bearing of figure 8, in betwsen the under
race lubricating ball bearing and the screw labyrinth seal oil return. This type of non-contacting dynsmic
seal has shown leakage rate comparable to mechanical contact face seals, and demonstrated the possibility
of axtremsly long seal 1ifa because of the absence of rubbing parts, The configuration on figure 9 is ap-
plied for pressure oil lubricated ball bearing, particularly the ones oparating at spseds up to 3 millicn
DN (DN is a spsed parameter squal to the bearing bore diameter in miilimaters multiplied by the shaft
speed in rpm). For example, a 120 - millimeter -~bore bearing running at 25,000 rpm would be operating at
3 million DN. Msinshaft bearings on current engines operate at DN valua as high as 2.4 million. Jot lubri
cation, used to cope with the more difficult lubrircation and cooling requirements at high spaeds, is not
effective at speeds above 2 to 2.5 million DN, , i .e the lubricant is centrifugally thrown away from the
inner~vace~ball contacts, thess areas resulting rapidly deteriorated. Introducing the lubricant under the
race, figure 9, the centrifugal effects are supplying lubricant directly to the inndr-racu contact areas;
for increased cooling effect, some lubricant may be directad through axial slots under the race., To wain-
tain the desirad temperature equilibrium between the inner and outer races, outer-race cooling may alsc be
euployed.

With & slinger seal downstream the under yace lubricated ball bearing, it is possible to maintain a stable
liquid~to-vapor interface on the rotating parts, and thus the only leakage is the evaporative loss from
liquid-to-vapor interface. In the configuration at the left of figure 9, relative to bearing No. 1 in
figure 8, the axial clearance between the rotating disk and staticnary wall of the plane slinger is main-
tained at the relatively large value of 0.020 to 0,025 inches and the labyrinth screv return at the inner
diameter of the stationary wail is relied upon to return any leakage down to the stationary wall to seal
intexrface. A jet lubrication system is utilixed both by the plane slinger and housing disk.

Design of the plane slinger with screw return is carried out on Ref. 19, where, with a given slinger diam
eter, an axial clearancs is chosen to allow for diffarantiul expansion between the rotor and stator. The
turbulent mode of opsration with merged boundary layers is depending upon the Reynolds number relative to
the chosen lubricant and its temperature. The pressure genexating capability of the slinger and the total
power loss in the bearing is deduced,

Regarding the labyrinth scrav return on figure 9, analysis and test experience are presented on Ref, 20.
The purpose of the screw return is to stop the drops of fluid coming from the interface due to instability.
As the screv will not normally run flooded, a simple thread form is umed.

In figures 6 and 7, representing self active pad seal applications for the bearing No. 1 and No. 2 of fig-
ure 1, the sexls are face pressurized vy high pressure air directly bled from the centrifugal coupressor
outlet and passed through labyrinth sets of caxbon elemants.

In figure 9 and 10, a combination of salf active pad seal, labyrinth seal, and slinger bearing is shown
for the No. 1 and No. 2 bearings on figure 8. The slingar seal in the No. 1l bearing acts as & centrifugal
ssparator, and its wain function ie to form a stable interface botwesn the vapor and the liquid, and to
pump the liquid up to the return line pressure. For the No. 1 bearing, is also shown a solution of the
slinger seal, Ref. 21, which not only restricts the leakage from the interfuce but provides a method for
the return of any leakage to the interface. It consists of a hollow slinger, the outer portion of which
cperates as an ovdinary slinger and serves to scavenge the bearing cavity.

As shown in figure 8, 9 and 10, the compressor rotor beaxs the serrated parts of three labyrinth-type
seals: the balance chamber seal, the firat stage uir seal, which prevents the inlet air from becoming
trapped and lossing energy between the first stage cospressor disk assembly and the front compressor rotor
disk assembly; and the tenth stage air seal, which parmits compressor air leskage for cooling the gas gen- :
sxator first stage turbine nozele. The No. 2 bearing transmits both the radial and axial loads imposed by A
the dynamically balancad rotor assembly, and mounts an oil deflector on each side. Both the forward and ;
rear double labyrinth seals are pressurized by the tenth stage compressor seal leakage aly,

Seal design study, howsver, muy be only limited to deriving empirical numerical solutions adequately cor-
recting theoretical results obtainabla from approximated and simplified assumptions. It is in fact obvi-
ously impossible, as above mentioned, to carry out an analytical solution, taking into account: all the
hydrostatic effects, as axisymmstric radial taper dus to Jdistortion, surface tension effects, and molecu-
lar adhesion; and the most important hydrodynamic affects, as non-Newtonian fluid effects, thermal and

pressure wadge effects, surface waviness, viscous shearing of surface waves, vibration, wisaligoment and
sccentricity,
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Howaver, the sealing problem hes had an appreciable contribute from enalytical studies, referring about
theoratical results, often obtained with computer proyrams, and experiments simulating the real operating
conditions.

As conclusion of this paper, whose intent concept im tha one to discuss practical seal applications suit-
able for the more and more stringent requirements of high spead gas turbine engines operating with gas at
very high temperature and pressurs values, some resulto are presented from our empirical and experimental
inveatigations,

SRALS "MDER TEST

Essentials of the used seal test rig are shown schematically in figura 3, and details of the seals under
teat shown in figures 6, 7, 9 and 10. Both sesals are for compressors, figures 1 and 8, of turboshafta,
vhose gas geuerators speed, compression ratio and free turbine maximum power, ars in the range, raspective
ly, of 25,000 vpm, 10 to 1 and 1,250 Hp. Sealing air is supplied from the resarvoir to the test rig at a
temparature of the order of 550°F, through a heater. But, highar tempuratures and pressures ars obtain-
able, bacause of the variable power heater and the changeable prassure level in the storage resarvoir.
Running time way be very large, bacause of the capacity of the 20 cylindrical containers used, 63.5 cubic
feaat each as volums, in comparison to the low required air mass fiow supplying the test rig for compensat-
ing the exhiust seal sir leakage from tha test rig. The containers may be charged with air at the maximum
pressure leval of 3,000 psia.

To check the practical validity of such test rig, in regard to the high temperaturs and pressure levals of
advanced gas turbine cngines, soms results have been obtained at peripheral seal rotating spesd of 600ft/s
with supplying air at temperature highar than 600°F.

Laskage mass flow are rasulting quite in agreement with approximated computations.

The seal behavior at very high speed and pressure is at present tested for use in high-pressurs sngine ap-
plications.

Becauss of the inadequate tecmology of the inexponsive comstruction of our eslf active pad seals, it ia
not possible at prusent cowpare the first results obtained to the actual performunces of existing sealiung
systems. From the other hand, advantages in sealing leakage capacity have baen evident in cowparing laby
rinth seald and self acting seals, both realized inexpensively in our laboratory.

Starting, in our experiments, with labyrinth seals, spitched serrated bushing (stationary) closely encircl
ing & rotating cylindrical piece was realized. Nine serrations wera formed by one continuous groove. The
diamstral clearance betwean the seasl rotor and stator was 0,002 to 0.006 inches, depeunding upon tha toler—
ance stackup. The seal stator vas held in place by two spiral-wound retaining rings and was locked sgalnst
rotation by a pin. This seal was very raliable and inaxpensive. However, it was felt that the leakage
rate could ba reduced, improving performanca of the unit. A relisbie low leakage seal was raquirad at no
overall increased cout. No commsrcial seal was found to £it both the technical and economical constraints
of the application. A new labyrinth seal concept, with lower leakage characteristic, was therefore under
development with the rotor constructed from a carbon steel, heat treated tu a Brinell hardeness of 200,
The seal stator wvas & base carbon grade impregnatod with a filler to make it more impervious to alr flow.
The carbon was shrunk fit into a steel retaining ring in order to minimiva thermal differential expression
batween the rotor and the stator.

Now, our first experience on combinad labyrinth and self acting seals is proceading with the choice of sult
able composite matarial, with adequate tharmal expausion coefficient tohold a constant claatance snd a self
acting fuce separstion on the range of 0,0005 inches. A successful self acting face seal design requires
a detsiled accounting of all thermal as vall as machanical Alstortions with corraspending design features
to maintain perallalism batween the prisary sealing faces.

Our air leaksge experienced with the face seal design appear to be abnormally high. The erratic leakages
observed suggest eithar coning of the primary sesling faces, insufficient force balsnce, or excessive sec~
ondary ssal leskage.
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DISCUSSION

Refer (o the last quesiicr =1 the Discussion following Paper 16,

Fig. 1 -~ 'Two~spool gas turbine engine

Fig. 3 = Schesatic of seal test rig.
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Fig. 2 = Self-acting 1ift psd seal.
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GAS TURBINE DISC SEALING SYSTEM DESIGN

D A CAMPBELL
Technical Design Group (PTr)
Rolls-Royce Limited
PO Box 31
Derby DE2 68BJ, U K

SUMMARY
This Paper reviews the design of Gas Turbine Disc Sealing and Cooling Alr Systems.

The turbine sealing system must seal the disc spaces against ingress of hot turbine gases,
and absorb windags and conducted heat with limited air temperature rises. Air leakage

in the mystem must be controiled to minimise engine performance losses, to avoid loss of
blade cooling effactivensss and to maintain the integrity of associated shaft and bearing
cooling systems,

The effect of the required bleed flow on engine performance is c&ﬁ;idered and found to be
fairly small provided that an accurate assessment of this offtake is made at the beginning
of the design process. Subsequent increases of the air bleed during the developwment
phase can bring substantial penalties in turbine entry temperature.

The various factors to be considered when determining the sealing and cooling flows are
briefiy reviewed and the areas where further research would be useful are indicated.

1,0 INTRODUCKION

1.1 Secondary Flow Systems

The secondary flow system of a gas turbine ungine has four main features,

a) Turbine Aerofoll and Working Annulus Wall Cooling.
This includes blades, nozzle gulde vanes, rotating and static blade
shrouds and nozzle guide vane platforus.

b) Disc Sealing and Cocling Systems.
These systems protect turbine discs and blade roots from excessive
temperatures and are nsed to control the rotor thrust bearing end
loading.

¢) Beaiving Sealing Systeuws.
These yystewms Interact with the disc sealing systems to maintaln
a satisfactory environment for the engine bearing chambers.

d) Parasitic Leakage.

This is unwanted leakage between parts without relative motion
such as blade and nozzle guide vane platform gaps, shroud segment
gape etc.

1.2 Disc Sealing and Cooling Systems ~ General Considerations

The purpose of this paper is to discuys the problems of Disc Sealing and
Cooling Systems &rd the Jesign solutions te these problems. Such systems
depend very much on the good performance and reliability of labyrinth-type
seicls,

1.3 System Objectives

Divc air systems have four wain fuuctions.
a) Mininising unvanted leaksge betwaen rotating and static parts.

b) Protection from the hot gaves in the working annulus. Items to be
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protected are :

Blade cooling air supply
Blade fixings

Disc Rims

Disc Bores

c) Protecticn of blade conling systems from leakage. This is particularly
important for systems using a pre-swirled cooling air supply.

d) Balancing of rotor end loading to obtain satisfactory thrust bearing loads.

e) Interface with the bearing sealing systems,

QUANTITY OF AIR USED - EFFECTS ON ENGINE PERFORMANCE

By using large quantities of air bled from the engine compressor the above objec~
tives could be met fairly easily. However, increase. air bleed causes corresponding
increases in turbine entry temperature (TET) and specific fuel consumption (sfc), and
80 we must reduce the bleed to the minimum rejuired to obtain satisfactory design
conditions for the ergine parts affected. When designing such systems it is impor-
tant to know the effects of ailr bleeds in datail, using data from engine cycle per-
formance calculation.

Figs. 2.1 to 2.4 show the effects of disc sealing and cooling air bleeds on engine
performance. For a typlcal transport engine cycle the performance was calculated
at a constant cruise thrust per unit intake flow giving a by-pass ratio of about 4.5.
The TET, jet velocity ratio and componant efficiencles were kept constant at the
cruise design point for the range of assumed hlaed. The assumed disc flows were
distributed through the turbine stages in typical proportions. ‘Iwo types of system
have been considaered :

&) All bleed from HP compressor delivery.

b) DBleads taken from fouxr different compressor stages to minimise cycle losses
caused by secondary flow throttling.

In the RB 211 Engine, for example, bleeds for disc alr systems are tuken from

IP compressor 4th stage 5th stage overall
IP compressor delivery 8th stage overall
HP compressor 3rd stage 1llth stage overall
HP compressor delivery l4th stage overall

Fig. 2.1 shows the effect of these bleeds on sfc,

The beneficial effect of multistage bleed is clear. The normal ranga of total disc
air bleed is 2 to 4% and at 3% an sfc penalty of 2% for a single HP compressor deli-
very bleed point aystem is reduced to 0,9% for a system with four bleed stages.

Fig. 2,2 shows the effect on take-off TET, This is quite small, as with increasing
bleed level the core engine size was increased to obtaln constant cruise TET, This
effect on core engine size is shown in Fig, 2.3.

There is a further advantage of multistage bleed in that bleed air from lower stages
iy cooler; this allows either smeller flows or lighter, more economical turbine disc
designs. The bleed stage must be chosen so that thers is a minimum but adequata
pressure drop betwean the blesd point and the higheat pressure in the turbine to
which the bleed must flow., The design conditiuns for the air system must be chosen
carefully to avoid unforeseen deficiencies at some flight conditions.

Fig. 2.4 shows similar data for a military reheated turbofan engine with a by-pass
ratio less than 1. TET and dry thrust per unit intake flow were kapt constant by
ruducing the by-pass ratio and fan pressure ratio as the bleed was incrasged, In
this case the bleed was all from HP delivery and the effect on sfc is somewhat less
than that for tha transport engine.

Figs. 2.1 to 2.4 assume constant turbine efficiency.

In fact turbine efficiencies are rsduced by sealing flows entering the anuulus
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immediately in front of the rotor, With care in design of the Blade and Nozzle
platforms this loss can be kept to less than 0.3% of afficiency for a sealing flow
of 1% of the turbine flow. The sealing flow is, however, not included in the
tuxbine flow for performance calculation purposes.

: When the core size of a projected engine is fixed the effect of bleed on TET
increases, as any deterloration of core engine performance cannot be compensated by
an increase in size, For the transport engine rhe egfechs on afc are about the
same a¥ vefore, but the effect on TET is now about 10 K per 1% of bleed. This
emphasises the importance of making realistlc rather than hopeful initial estimates

of scaling air requirements and the necessity of ensuring that these flows are not
exceeded in the production engine.

3,0 FACTORS DETERMINING QUANTITY OF AIR REQUIRED FOR DISC SEALING

3.1 Flow required to prevent hec annulus gas ingestion at the blade-nozzle gap.
This is determined by

a) Circumferential variastion of static pressure.

b) Radial flow produced by the pumping action of friction between the
air and the disc face.

3,2 Flow required to absorb windage heat with a suitably limited temperature rise.
{
3.3 Flow required to supply the relevant labyrinth seal.
4.0 DESIGN CONSIDERATIONS FOR GAS INGESTION

4.1 Circumferepntial Static Pressure Variution

a) The Problem

1

1 It is clear that oppreciabl® static pressure variation around the annulus
| exists, Thls has been long apparent from turbine blade vibration problems
A f associated with variations of pressure upatream of a nozzle gulde vane row.

i There are also fluctuations of pressure caused by variations of Blade and

| Nozzle throat area and by flow curvature effects near blade aud nozzle

l trailing edges, Where the static prassure drop across the annulus geal
is less than the range of pressure variztion at the seal exit, some Inges-
') tion of turbine gas is to be expected.

\ :

‘

|

!

}

}

|

The objective of the designer must be to minimise the flow required to
prevent gas ingestion with a given static pressure variation. Fig. 4.1
shows a typlcal turbine nozzlesrotor gap, What features are desirable?

b) Reduction of Pressure Variation

Clearly large values of I and 1 will reduce the static preasure variation
at the sealing air exit and are Phetefore desivable, Circumferential
varistions of Nozzle and Blade throat area should also be minimised,

¢) Design of the Clearance at the Annulug

A small clearance ¢ will reduce the flow required foxr a given pressure drop
3 acrosy the gap, The overlap h and the shingle height s tend to veduce the |
)| : flow of annulus gas caused by & local increase of the annulus static prassure
However, these features also tend to increase the discharge of sealing ailr
for a given pressure drop, thus reducing the pressuvre drop available from a
given gealing fiow. The overlap and a slight shingle allow the sealing

air to enter the turbine with minimal disturbance teo ite efficlency; this
arrangement is therefore preferred,

Iwo Stage Sealing

It is difficult to have a sufficiently small clearance ¢, owing to manuface
turing limitations., In any case, a small clearauce would be subject to

relatively large variations due to manufacturing tolarsnces, working deflec-
tions and thermal expansions, end in some camses this would cause difficulties



&
g

)

I

EETEEEEE

L R

e A o im0 i1 o e G

184

)

with rotor thrust.balance. It 1s therefore often desirable Lo design the
blade root region for a temperature allowing for some turbine gas ingestion
and to incorporate an additional seal as shown in Fig. 4.1. The Space A
allows equalisation of the static pressure and eliminates the possibility
of inwards flow through the inuer seal, Thus the disc rim is completely
protected from annulus gas by a very small sealing flow through the inner
seal.

Data

This is an area where few data arc available and research is therefore
dcairable,

4,2 Dis¢ Pumping

a)

b)

Theory and Test Data

The frictional drag of the disc on the air in the disc space generates an
outwards flow near the disc, If this flow 4s allowed unobstructed access
to the wotking annulus as in Fig. 4,2 then a sealing flow of about the same
level must be supplied to avold the ingestion of annulus gas. The approxi~
matns magnitude of rhese flows can be determined. The conventional non-
dimensiorial functions uued are

W

c, = IEd Flow Coefficient ., .o (4.1)
pwr?

Re ™= B Reynolds Number . .a (4.2)

Using Von Kairmans 1/7 power law analysis we have

¢ u 0,22 Re®8 v e (4.3)
w »

This applies to a free disc without any influence from static parts.

The case of & dlsc with shrouded stator as in Fig. 4.2 has been lavestiga-
ted by Bayley and Owen (Ref.l) who propose the correlation

G, = 0.61 Re g/r e . (4.4)

Hore, the Flow is that just sufficlent o prevent ingestion of fluid from
the outer space., The experimental data used cover the ranges

Re up to 6.106

g/r from 0.0033 to approximately 0.06

Application

The most jmportant pas turbine sealing situations involve Reynolds numbers
arcund 10" which are beyond Gwen's experimental data, There are two further
considerations which make it difficult to accept Owen's flow criterion in

gas turbines,

1) High Axial velocity or the annulue flow.
This makea it much more difficult for external fluid to penetrate the
dic~ space.

i%) Projectlons ocu the rotor.

These are assumed to deflect the pumped flow from the direct path to
the annulus and thus reduce the gas ingastion cauzed by the pumping
effect,

Further sxperimental work is therefore needed to clarify the situation
vith more realistic conditions.

A
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Design Features

The effects of disc pumping will be reduced by the sealing arrangement
shown in Fig. 4.1. The use of swirl nozzles to introduce the sealing air
tends to suppress the pumping action and also to reduce windage and i=
theretfore beneficial.

Windage

a)

b)

c)

d)

Discs

The frictional heating of sealing air by the adjacent rotor Ls an important
factor in system design. Enough air flow must be provided to limit the
temperature rise due to this effect to an acceptable value. For normal
clearances between the disc and the adjacent static parts the windage drag
is not more than the value for & free disc rotating in a large space, and
data for this case may be used for design purposes.

Projections such as nuts and bolt heads greatly increase the windage heating
and should be avoided or covered by a fairing unless the tangential spead is
relatively small.

Windage can be appreciably reduced by admitting the sealing alr through
pre~swirl nozzles,
In estimating windage we use a moment coefficient defined by
M
C L e . “s (“.5)
2
m oy el
This can be correlated with Reynolds number by the equation
-2.58
¢, - 0.982 (logloRe) . . (4.6)

This is taken from Ref.2 and agrees witu test data for Reynolds numbers up
to 7 x 10°,  Engine Reynolds numbers run up to about 3 x 107 so some extra-
polation is required.

shatts
For cylindrical rotor parts a correlation from Ref.3 can be used :
Define a friction coefficient Ce = 7/§pr2‘.,2 e 4.7
External surface windage drag is given by
1

'c':'; = 4.07 log,, (Re,/C—f) - 0.6 . . (4.8)

Cm - Cf.211/r . .o (4.9)

Pre-Swirled Cooling Air

Some Lest data for the effects of pre-swirl are available from Ref,4 but
have not been entirely successfully correlated. Fig. 4,3 shows test data
for a disc and shaft plotted as Em/Ec vs. V,/U. The data used have been
published in Ref. 4.

E. is the measured windage power

E is the windage povwer calculated from equations 4,6 and 4,8

Vs is the swirl nozzle exit tangential velocity

U is the disc tangential speed at the swirl nozzle radius.

Conclusion

Design calculations using these data are generally satisfactory. However,
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further research into the effects of cooling throughflow, cooling air pre-
swirl and discrete projections in the rotor would allow significant improve-
ment.

4,4 Seal Leakage
a) Effect of Seal Leak

b)

¢)

d)

Esch disc space has one or more flows controlled by labyrinth seals, and
unless the seals are of very small diameter, they have a very important
2ffect on the system design.

A gseal may either supply flow or take flow out of the disc space. 1In
Fig. 4.4 for example the seal A is removing flow from space 1 and supplying
it to space 2.

The pressures in spaces 1 and 2 are determined primarily by the nozzle
guide vane inlet and outlet pressures, since the pressure drops at the
annulus seals are relatively small.

Seals B and C are removing some of this flow from sprce 2 and leaking it
into the turbine bearing chamber sealing system whicl. is part of a lower
pressure system which &lsc supplies sealing air to the back of the -=2cond
turbine, Sealing air is supplied to the space 1 through slots at «,

Seal Failure

Any increase of clearance of seal A, increasing the flow through it, will
reduce the flow available for sealing at the annulus. Deterioration of
such a sedl can therefore lead to overheating due to gas ingestion. The
leakage flow itself will then be hotter tf21 normal and the overheating
problem will spread to other parts of the system; this effect is particu-
larly likely to be troublesome in systems where there is maximum utilisation
of seal laakage air for sealing subsequent turbine stages. It is a
requirement of the British Civil Aviatiun Authority that the system should
withstand a degree of seal failure. This requirement 1s normally met by
supplying sufficient flow to feed a failed seal with zero annulus sesling
flow. The failed seal is usually taken to have about twice the normal
running clearance.

This criterion establishes the basic design flow requirement.

Additional flow is then provided Lf the basic flow is insufficient to deal
with windage and annulus gas ingestion.

Note that with the type of system shown in Fig, 4.4 the bleed flow for
sealing is controlled by fixed metering orifices (eg slots X) and seal
deterioration in service will not increase the total bleed. ‘'The associated
engine performance deterioration 1s therefore restricted to the effect of
changes in the turbine stages to which the same total bleeds are exhaustad.
Both orifice controlled and seal controlled types of system suffer from
increased disc space Lemperatures if the seals deteriorate. This can lead
to reduced turbine disc life and the possibility of failure hazard.

Seal Design

It should be noted that the seal design objective here is not always wini-
mum flow, since the leakage is often required for sealing subsequent stages,
However, reliability of flow control is always extremely important and the
highest possible standard of thermal and mechanical design is required.

This will only be achieved if the seal rotor and stator design is considered
as a single problem.

Seal Leakage Data

The corraelation of seal leakage data 1s difficult and complex. Many
experimental data are available but not all have been adequately correlated.
Detailed consideration of this problem is, however, bsyond the scope of

this paper.
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More comprehensive correlations of existing data would be useful, particu-
larly for seals with textured liners and for stepped seals.

Inaccuracies in the estimation of running clearance are often greater than
data correlation errors. Greater technical effort is required here,
particularly in the prediction of transient thermal behaviour nf static
seal assemblies.

5.0 BLADE COOLING AIR SUPPLY SEALING

6.0

7.0

The objective is to pass pre~swirled croling air to the blade with the minimum
addition of leakage air, Leakage air mixing with the pre-swirled air adds windage
heat and reduces the cooling air whirl velocity. Both effects increase the cooling
air tempaxature relative to the rotor and it is desirable to avoid them.

Leakage that would otherwise mix with the pre-swirled cooling air can be diverted
through a by-pass passage as shown in Fig. 5,1. Three problems must be overcome
whén using this method.

1) Pressure Drop

Sufficient pressure drop must be made available both to drive the leak flow
through the passage and to overcome the vortex pressure rise between the inner
and outer vadii of the swirl chamber. This tends to give an increase of
leakage flow.

2) Space

It is often difficult to find space for these passages in the region of the
heavily loaded HP turbine nozzle locaticn features,

3) Increased Flow Requirement

As the leakage flow no longer enters the turbine blade, additional flow is
required, causing a performance penalty. It is therefore important to find &
use fur this air and thus avoid losses., The following methods may be used.

&) Split Feed Turbine Blade,

This type of blade uses cooling alr at two pressure levels, the lower
pressure air being supplied from leakage.

b) The leakage air can be bled away for use in disc sealing systems,

c) The leakage air can be used for turbine nozzle guide vane platform and
trailing edge cooling.,

Disc pumping can also reduce pre-swirl system performance, and it 1s therefore
good practice to have a seal at the inner boundary of the swirl chamber to
prevent the pumped flow circulating into it. See Fig. 5.2.

ROTOR THRUST BALANCE

Turbine and Conipressor end loads combine to give a net rotor thrust much less than
the individual component loads., The residual thrust can however be large enough to
give thrust bearing problems. This partlcularly applies to HP thrust bearings in
multi-shaft high by~pass ratio engines, which have a very high centrifugal loading
on the bearing balls, giving a reduced thrust capscity,

It {a therefore necessary to adjust the end 1li ds by altering seal radii, and this
will vsually give increased leakege flows, Larger capaclity thrust bearings can
therefore give engine performance improvements,

Rotor thrust balance should be investigated as early as posaible in the engine
design process so that this factor can be considered when deciding the compressor
and turbine design parameters.

CONCLUS TONS

Rescarch and Devalopment in Gas Turbine Sealing is mostly directad towards reduction
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8.0

of Leakage Flows. In the design of Turbine Disc Sealing and Cooling systems,
obtaining the lowest possible design leakage flow through individual seals is,
however, not always the most important objective.
In the high pressure turbine stages, annulus static pressure variation and disc
windage often determine the required disc sealing and cooling flows. At the initial
design stage the disc sealing and cooling air bleeds have a relatively small effect
on engine performance. If we reduce a transport engine's disc sealing air require-
ment from a typical 3% of core engine flow to half this amount the sfc saving is
about %% (See Fig. 2.1). The effects on TET can be virtually eliminated by choice
of by-pass ratio.
However, once the engine cycle parameters are fixed, the effect on TET of bleed
changes is qgite large. To increase that 3% bleed by 50% would cost a TET increase
of around 15K, reducing the HP turbine blade creep life by roughly 30%.
This indicates the importance of making realistic and accurate estimates of disc
gsealing and cooling air requirements at the earliest stage of design., These flow
levels must be carefully monitored and adhered to during the engine development
process. In-gervice deterioration of seals can contribute tc worsening of engine
TET aud sfc, and may cause increased turbine disc rim temperatures. This empha~
sises the importance of seal durability and long term reliability as well as design
performance. .
NOMENCLATURE
c Radial Clearance (see Fig. 4.1)
Cf Friction Coefficlent : Cf -‘l‘/(ljpwzrz) for a Rotating Cylinder
Cu Moment Coefficient i Cp ™ M/’spwzrs) for a Rotor
¢, Flow Coefficient : C, = w/kr
Em Moasured Windage Power
Ec Calculated Windage Power
g Axial Gap (see Fig. 4.2)
h Turbine Platform Axial Overlap (see Fig. 4.1)
1 Length of Rotating Cylinder
L)
) See Fig. 4.1
1, )
r
M Windage Drag Moment from both sides of a Disc or the outer surface of
a Cylinder
L) Core Engine Flow at Cruise
Y Outer Radius of a Disc or Cylinder
Re Reynolds Number : Re -paurzﬁu
S Turbine Shingle Haight (mee Fig. 4.l)
sfc Specific fuel consumption
TET Turbine Entry Temperature
U Disc tangential velocity at the pre-awirl nozzle radius
V. Pre-swirl Nozzle Exit Tangential Valocity

w Alr Mass flow

M Dynamic Viscoesity

[ Deneity

T Surface Sheac Stress
w

Angular velocity

I ocamel, 2l R,

e i

T

e Pl . ™




R T e ey ey

Y

T e

o i

e G e

-

S L T

189

9.0 REFERENCES

10.0

1) Bayley and Owen. The Fluid Dynamice of a Shrouded Disc System with Radial
Outflow of Coolant. ASME 70-GT-6. Journal of Engineering four Power.

2y L A Dorfmun. Hydrodynamic Resistance and the Heat Loss of Rotating Solids,
Book Translated from Russian, Published by Oliver and Boyd London.

3) Theodorsen and Regiler. Experiments on Drag of Rotating Discs, Cylinders and
Streamline Rods at High Speeds, NACA TR 793 1944.

4) A Moore. Gas Turbine Internal Air Systems: A Review of the Requirements and
the Problems,
ASME 75-WA/GT-1.

ACKNOWLEDGEMENTS

I would like to thank the Directors of Rolls-Royce Limited for permission to prepare
and present this paper. My thanks also go to colleagues in the Advanced Projects
Department for the data in Section 2.0 and to the Rolls-Royce Engineering Illustra-
tions Department and PSG Limited for their invaluable assistance in executing the
diagrams. '

R o

PL

Ce e R amrae . et



18-10

R s > |
ot kel N 5

TRANSPORT ENGINE: EFFECTS OF DISC
SEALING FLOW ON S.F.C. AT CRUISE
MOTEUR DE TRANSPORT:EFFETS DU DEBIT D°AIR
D'ETANCHEITE DU DISQUE SUR CONSOMMATION
SPECIFIQUE EN CROISIERE

5

Asfc 4
ACas.

A T TR A Y S BT TSR e SR Y R - T

N
1 x\s"‘ee..\j\.e’(pﬁ‘

T ¥ T

[s] 2 4 6

TOTAL SEALING FLOW: /. OF CORE ENGINE FLOW
DEBIT TOTAL D'AIR ETANCHEITE : DU DEBIT [J MOTEUR DE BASE

Figure 2.1

- e — — el e e —— o —— e it i N e T o S 4 e s it < i

i SEALING FLOW ON T.E.T. AT TAKE-OFF

t (CONSTANT CRUISE T.ET)

| MOTEUR DE TRANSPORT:EFFETS DU DEBIT D'AIR

‘ D°ETANCHEITE DU DISQUE SUR TEMPERATURE D’ENTREE

|
I
1 TRANSPORT ENGINE: EFFECTS OF DISC
]
: YURBINE AU DECOLIAGE(T.E.T. CONSTANT EN CROISIERE)

ATET |
.K 6

el R o R

AR Wy

pot

0 -

TOTAL SEALING FLOW: XOF CORE ENGINE FLOW
DEGIT TOTAL D'AIR ETANCHEITE : L DU DEBIT DU MOTEUH DE BASE

Figure 2.2




[

TRANSPORT ENGINE: EFFECTS OF DISC

SEALING FLOW ON CORE ENG!NE FLOW Mcg

MgTEUR DE TRANSPORT:EFFETS DU DEBIT D'AIR
D’ TANC# ITE DU DISQUE SUR LE DEBIT DU MOTEUR DE

AMc;
APme

A

BASE
10
&
8 &
o
® (9.5
Qgﬁ?‘ '{!\x&v“"
4 52 A
9
2 il
0 |
0 2 4 6
'E?TAL SEALING FLOW . 7 QF CORE ENGINE FLOW
BIT TOTAL DAIR EVANCHEITE ! ¥ DU 4811 DI MOTEUR DE BASE

Figure 2.3

MILITARY REHEATED TURBOFAN ENGINE
EFFECT OF DISC SEALING FLOW ON

S.F.C. ATS.L.S. ALL H.P.BLEED
TURBOSOUFFLANTE Mlur.ngAVE POST CGMBUSTION

EFFETS DU DEBIT D°AIR D',

TANCHEITE DU DI3QUE

SUR CONSOMMATION SPECIFIQUE S.L.S. PRISE D'AIR H.P.

Asfec.
ACs.
A

~

nN

-

«E“w

04

0

)

1

2

TOTAL SEALING FL
DEBIT TOTAL DAIR ETANCHEITE: DU DEBIT DU MOTEUR DE BASE

3 4 5
: . OF CORE ENGINE FLOW

Figure 2.4




. 18-12 E

L ?
| |
A ! TURBINE NOZZLE-—ROTOR GAP |
S JEU ENTRE TUYERE ET ROTOR DE TURBINE i
! \ 4

|
! |
|
|
| a
pi ]
!

N / |

'!

Figute 4.1 ’

1

|

DISC PUMPING: RESEARCH MODEL ]

POMPAGE DU DISQUE: MAQUETTE DE RECHERCHE “

]

!

[ 4
e ._n_...n.:}._._..a.__.‘.___._\.'.“_'_‘.‘._ﬁ AXE

Figure 4.2




1813

- DISC AND SHAFT WINDAGE: EFFECT OF PRE-SWIRLED

COOLING AIR

PERTES DE POMPAGE DU DISQUE AVEC ARBRE: EFFET DE L°AIR DE :
REFROIDISSEMENT PRE-TOURBILLONNE !
R 7

4 ‘

a /
2
‘. ‘ & wo / L]
: ot a
b O 02 04 06 08 10 12 14 16 18
Vs
A ! u
A” Figure 4.3
L
SEAL
. LEAKAGE
g EFFECTS
- EFFETS DE FUITE
3 AU NIVEAU
DU JOINT
' )
! :
3 5
£ *',
j !
r._ [. 1"
| | Figure 4.4
¢




314

PRE-SWIRLED TURBINE BLADE COOLING
AIR BY-PASS

BY-PASS DE L°AIR DE REFROIDISSEMENT DE PALE
TURBINE PRE- TOURBILLONNE J

‘-

= Y
()

Figure 5,1

ISOLATION OF DISC PUMPED FLOW FROM
PRE-SWIRLED TURBINE BLADE COOLING AIR
DEBIT POMPE DU DISQUE ISOLE DE L’AIR DE
REFROIDISSEMENT DE PALE TURBINE PRE-TOURBILLONNE

F ==

—J

Figure 5.2




i 18-15

311 k |
3 !
‘.l,\) t :
o i
I3 ' !
" i I
: i
; ]

{

ROTOR THRUST BALANCE
EQUILIBRAGE DE LA POUSSEE DU ROTOR '

i
L
.
| \
| *
o

¥

i Figure 6.1 1

P TS T —————a T o e v
o

4 L |
(- ]

] i 1
: ; !
N p 3

> TR T




e e g

S o R R e e e oy T

1816

DISCUSSION

H.L.Stocker, US

I would like to reinforce Mr Campbell’s comment regarding the need for improved data correlation relative to the
calculation of seal leakage performance,

What information do you have that shows there is a circomferential static pressure gradient in the turbine — nozzle
rotor gup of sufficient magnitude as to causs hot gas in-flow locally?

Author's Reply
Measurements in cold flow turbine rigs show considerable circumferential variation of static pressure immediately
downstream of the nozzle, Variation upstream of tirbine nozzles is apparent from vibration problems associated
with excitation of the rotor blades by these variations. Considerable further work needs to be dons before we can
predict the effects on disc space temperature of these variations in any particular cass.

AMoore, UK
So far this meeting has considered the sealing between rotating and static members only. There are flow losses in
gus turbines caused by leakage between two nominally static parts. Attempts to scal these leakage puths are not,
in general, satisfactory. Would you like to comment on this problem please.

Author's Reply
This is certainly an important problem, particularly in the high pressure regions of engines. Leakage between parts
in rotor assemblies can ulso be considered in this category, Sealing devices using small wires and strips are used in
modern engines to minimize this sort of leakage and are thought to bye reasonably effective, but more investigation
should be done to verify their effectiveness under running conditions of load and temperature, ieavily loaded
multipls flanges and nozzle guide vane locating features remain a problem. The potential for this kind of leakage
should always bes remembered when deciding the method of engine construction at the initial design stage.

H.Zimmermann, Germany
Could I extend this question? What experience huave you got with piston rings? Do you use them or do you
gonerally try to avoid them?

Author's Reply
Scaling rings of various types can be used, including piston rings. These can be designed to accommodate a
considerable amount of relative movement using multiple rings with overlupping gaps. However there is concern
over the possibility of these more complex rings sticking in the compressed position and thus leaving u large gap.
Generally, it is felt to be preferable to replace or supplement sealing rings with a positively clamped joint where
possible.

G.W.Fairbeirn, UK
You refer to the difficulties expericnced in estimating the transient running clearances in labyrinth glands. Do
you find that predicting the transient behaviour of the disc space to annulus seal is also a critical problem?

What success have you achieved in predicting running seal clearances?

Auther's Reply
The disc space to annulus seal clearance is normally rather larger than labyrinth seal clearances ar.d so can
potentially be estimated with better proportional accuracy. 1t is felt, however that we do not know enough about
pressure variation and pumping effects to make much use of this information except to predict the mean pressure
drop across the annulus seal. This pressure drop is usually small but often has a significant effect on rotor thrust
balance.

The prediction of disc labyrinth seal clearances has not so far been very satisfactory owing to the difficulty of
estimating the transient thermal behaviour of static asseinblies with complicating features such as bolted joints.
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A COMPUTATICNAY TOOL FOR MECHANICAL BEAL DESKIN"

Dr, B.8. Nau, Group Head,

Mr. R.7T. Rowles, Research Engineer,
BHRA Fluld Engineering,
Cranfield, Bedford, MK43 QAJ
Engtund.

Summary

Rotary mechaniosl xvals are used for many rotary sealing duties, gas turbine
engine fuel pumps for instance. The fuctors atfecting performance of such seals
have been iantensivoly atudied in recent years, so that it is now feasihle to incor-
porate this knowledge into a computer program as a deaign tool. The paper
describes how this has been done at BHRA in a program which takes acoount of:
surface topography; interfacial film dynamics, with cavitation allowed for; self-
generated heat; thermal distortion; and distortion due to the wealed pressure,
The significance and treatment of the various factora are disouseed and the pro-~
gram structure outlined.

1., FACTORS AFFECTING MECHANICAL SEAL PERFORMANCE

A typical mechanical seal i illustrated in Fig, 1. The factors affecting design and performeance of mechan-
fcal seals have boen disoussed in detail in Ref, L, the physical (and chemical) processes influencing seal performance
oan be summuarised as:-

lubrication of the sliding interface

heat txunufer of frictional heat

pixructural distortion of the sealing faces

compatability of the seal components with the sealed fluid,

Several lubrication modes oocur under different operating conditions but under the steady ruaning conditions
with which this paper is concerned the hydrodynamic lubrication mode, combined with some hydrostatio support, is
generally believed to be predominant. Questions of material compatibility ure outuide the scope of the present paper.

Early experimental work (Ref, 2) establighed that hydrodynamic films are genecated in the sliding intexface
of the seal and this has been confirmed by several subsequent workers, The film thickness is typloally about 0,001 mm
and (s generated by viscous shear interacting with residual waviness of the nominally flat faces. Any structural stresses
oausing seal fave displacements of this order of magnitude produce signiticant changes in the hydrodynamic situation,
and hence in seal performance. Any design procedure must take this into account, particularly strains resulting from
the sealed pressurce on the one hand and thermal stresses on the other, Thermal stresses arise particularly from the
temperature variation through the seal resulting from the generation of heat in the sliding interfuce - typloally a fuw
hundred watts for a 50 mm diameter seal, The effective hent sink 1s usually the scaled liquid although heut s also
lost to the shaft and housing and hence to the outside eavironment.

2. SEAL DESIGN CONSIDERATIONS

In the present work attention is concentrated on the main design parameter which vannot be readily deter-
mined by simple means, this is the interface loading. In gener .| this load derives partly from hydraulic pressure
scting on the rear of the floating seal ring and partly from the spring(s) acting on this member. It is required that tho
load should minimise the intexfuce {ilm thickness whilst avoiding physioal contuot batween the sliding faces. Part of
the applied load in carried by the hydrostatic pressure fleld in the intexface film and the balance by the hydrodynramic
pressure fleld, and both components are modified by any changs in the prufile of the interface film due to the onuses
already mentioned. Clearly it is not & vimple matter to evaluate the optimurm load, In practice the load i3 evaluated
by some combination of experience and more-or-less approximate estimates of ihe load component carried hydrostaiio-
ally. The present work wus undertakon to eliminate some of the uncertainties inherent in current design procedures,
the approach followed being to apply the results of earlier experime:tal studies to the generation of a computer program
which would predict the seal loading required for individual applications., ' '

3. COMPUTER PROGRAM DESIIN CONSIDERATIONS
3.1 Geassral
Technionl considerations apart, certain gensral considerations were given partivular emphasis in the design

of the computer program : it should be reascnsbly seonomic in turms of computer provessing tiras and computer stoxe
demands; the input data presentation and information output should be in a form facilitating use by the designer as
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opposed to the lubrication solentist or computer specialist.

S To meet these requirsments the approack adopted was one in which general purpose programs for stress
o analysis or therma) analysis were avoided in favour of purpose-written routines tailored to the particular requirements
N of the mechaniowl seal geometry. ‘ihe policy has also been to alm for simplification rather than generalisation. Thus,
for example, axisymmetrio distortion modes are known to be very important (Ref, 3) and are included whereas asym-
metrio modes, though possibly of significance in soms ciroumstances, are regarded as gevond-ordor effects and ;
noglected with useful simplifioation of the analysis (reducing stress wd thermesl analysis to two dimensions), The use

of a modified ring theory (Ref, 7) provides further simplification at the expense of Hmiting validity o seals with f
radial thickneae small relative to the mean radius, a not unreasonahle assumption for most seals. i

3.2 Disoretisation

' For the purpose of the numerical analysis a computational grid has to be imposed over the geal aross-section,
i In the present case, atwo level grid syatem 1s used, Typloal seal rings can be visualised s comprising a series of
I reotangular-seation rings which, in reality, are joined to form s continuous body. These rectangular "parts' form the

N ( high~level grid for the analysis, and euch part is permitted different physioal properties. Each rectangular “part!' s
v next subdivided by a finex rectangular mush, at the nodes of which temperatures will be evaluated., This low-level

; mesh oan vary from part to part, provided thers is continuity across part~boundaries, this is & useful facility for

- dealing with regions of rapidly changing tempersture, The high-level grid is used both in the stress analysis and to

. simplify the computer input deta presentation, An example of a seal with the two-leval grid is shown in Fig, 2.
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3.3 Temperstures sad thermul mements

: 1t will be noted that the gride in Flg, 2 extend over hoth seal rings and aléo the interface film, the latter
being treated as a heat mource in the thermal analysis. Another festure of Fig. 2 is the presence of additional external

. "parts" on wetted surfacen. ‘These externsl parts facvilitate the treutment of the heat transfer boundary conditions, The

{nterual nodes in these parts have a speoified temperature which is that of the bulk liquid, which being in a turbulent

state 18 assumed to be offectively of uniform temperature, The half-thicknens of the part ius taker to yepresent the

| laminar sub-layer of liquid altached to the seal ring, heat transfer from seal to bulk liquid being controlled by conduct-

‘ fou through this laminar gub-layer, In genaral, the thermal analysis permits two boundary condition types 1 specified
temperature and spenified flux.

ey

A tomperature map is computed from Poisson's equation using the appropriate interface flux and external
boundary conditions. From these temperature values thermal moments sbout the centrold of the floating seal ring are
svilluated to ba added to the hydraulic moments oaloulated olsewhere in the program, The total moment is then uved !
to avaluate the axisymmetric ring distortion which modifies the seul fano geometry, An iterative procedure (Fig. 3) :
is umed to take acoount of the interactions of dintirlion, tsat flux and tilm pressures, ﬁ

T T T

3.4 Faoe Dlatortion

; The axisymmetric moment (M) producing face distortion includes the abovn thermal morments plus an hydranlio

Q’[ moment due to the fluid pressures acting on the various weited surfaces of the seal. The hydraul't momenta are
-“a, ' straightforwardly caloulated in the program once the coordinates of the overall centrold of the fioating ring have been
gnl determined from the geometric. ! input data. The thermal moments are evaluated by regarding thermal stresses as

' equivalent to distributed body forces (Ref, 8).

' The stifness of the floating veal ring i ity axisymmetric ring distortion mode is dependent on the second

! moment of area (I) shout a radisl axis through the centroid. This quantity, like the centroid coordinates, 1w quite
simply evaluated by suraming the contributions of the individual 'parts", Given the values of M, I, slastio modulus .
E, snd menn radius r o’ the angular distortion is given by:~

a
j - T
€1

3.5 Interface film presmire

The sppropriate squation for evaluating the film pressures , and henoe the lond-capacity of the film, ia
Reynolds lubriostion equation in polar coordinastes (Reif, 9).

AR e N0 W R

- where all variables have been non-dimensionalised, The quantity ' = W(r,®) 1s the diinensionless film thickneus '
l and is obtained by combining the initisl weal face profils with any modifivation due to the distortions dwsoribed above, )
!

‘,
T Ty T T e e mmmm ey e o =

The solution of the Reyaolds equation 1 not simpie since sccount must be taken of ‘oavitation' in regions

where film prossure falls balow the pressure at whioh the liquid iw satursted with gas. Effectively the uavitation region !
i has an in'tially undetermined boundary which is one of the houndaries of the region in which Reynolds equation is to be i
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. solved.

The procedure employed to »>revcome this difficulty involves a finlte differsnce procedure in which the film
1s scanned radially for each incrementai Q-value inturn, solving forp along the radial row of computarional nodes, until
the cavitaticu region i reached (indicated by p & p ). The prooedure around the cavitation region is similar except
that the radial scan is only between the cavity bourdiiies and the sual edges, Assumption of a tentative radial co-

“4 ordinate for the cavily boundary location permite culculation of “he liquid film pressures for the current value of @ !
B and hence the net flow into a control volume, Fig. 4, If the net flow ia not effectively zero the tentative position of the ;
. ' oavity radial coordinate at © is adjueted and the process repeated, This prooedure is employed separately for the !
- 4 radially extornal and internal cavity boundaries at the current ® , By this mesns the cavity boundary is generated auto-

matically as the computation proceeds circumferentially, i

i The efficienoy of this solution procedure for Reynolds cquation is such that adecuate convergence is usually
- obtained within a few ciroumfereniial sweeps of the seal,

The tmportance of au effective treatment of the cavitation region is illustrated by Fig. 5. This shows the
axtent of the cavitation regions fur the two extremes of cavitation pressure (zero absclute,and ambient) and in both
| oages & large prorortion of the film is cavitating, this is due to the high rotational speed combining with the aurf.ve
) ‘ waveform to produce very iatense hydrodynamic pressures. Fortunstely, siuce tie value is not easy to define, the
. value of the cavity pressure has only a minor effect on the total load napacity and, therefore, con the required closing
forow,
1

4., EXAMPLE] OF INPUT AND OTUTPUT '

-4 Typical inpnt data lists are illustrated in Fig. 6. Input Tables 1-5 relate to tie thermel and deflection coniput-
. ations with the size of the probiem defined in Input Table 1 and the mesh and dimenaions for each "part' in Input Table :
ol 2, ¥hysical properties of th:a seal are tahulated in Input Table 3. The topology 18 deflned by Input Takle 4, which lists

' for each part the neighbouring part and boundary condition (type and value) to left and right , and above end below the

i part in question. For axample, part 1 hus neighbours 53, 2, 4 and 52 with temperature boundary valuea of 60 C on
. two (wetterd) sides and a value "zerc" on the remaining sides, indicating internul interfauces, The next input table sets
' the initial guess for the part temperatures,

!

!

{

X . Information required by the lubrication equation 1s set out in Input Table 8, Items of particular intereat ir I

L this list are the minimum film thickaess, surface wave amplitude and number of waves which together define the film !
% & profils, .

; 3 Examplen of output are shown in Fig. 7 and 8, part of the thermal map, and the final design wnd performancs 1

S paranieters respectively. The section of the thormal map shown in Fig. 7 relates to two "paris' forming the interfuce

) film,his s useful as an indioation of the risk of vaporisation due to elevated film temperature. The key ttem of

I information tn the output is, of course, the seal closing load required tu operate at the speocified mintmum film thicknens. ‘

5, DISCUSEION AND CONCLUSIONS

o~ The program dedoribed i in the final stage of testing, although much running has alree:, .+.: achieved for
. major segments such ae the thermal and lubrication elements. Thesv w!sc «rist independently as - ~'.. .ontained
programa,

Tue validity of a program auch as this ia not easily established but in the present cage a parallel project
involving an experimental program on high-speed fuel pump sesls 18 in progross and will be used for validation purposes.,
Cnce confidence has been established in the progrum it can be expeoted to be of great vulue ir speeding up the design
of mechanioal seals,

6, REFERENCES
g 1. Fern, A.G. and Nay, B.B. "Seals'. Oxford : Oxford University Presa. 36 pp (1976).

- 2, Demny, I'.F. "Some measurements of fluld pressures beiween plane parallel thrust
; surfaces with sy:cial reference to the balancing of radial -face neals"
DHRA report RR613, 27 pn (January, 1959).

. 3, Nmu, B.8, and Tuinhuil, D.E, "Some siteots of elastic deformetinn on the charactsrisiics of balanced
w3 radlal-face seals. Proc. lst Intornational Conference of Fluld Bealing, '
¥ Harlow , BiRA . Paper no. D3 (17th - 19th April, 1801), 1

. 4. Fister, M.J. "An unalysis of the Jaformation of the balancing ring in high pressure
: radial-face seals". Prooc. let Internationul Conference on Fluld Sealing, i
R . Harlow , BRRA, Paper no, D4 (17th - 19th April, 1961),

Watson, R,D, "Effect of sesl ring deflection on the characteristios of face~type
mechanical shaft seals in high pressure water', Atomic Energy of
Canada Ltd, AECL ~ 2242, 18 pp (October, 1963),




194

o 8. Cheng, H.8. Castelli, V and "Performance characteristics of spirul - groove and shrouded Rayleigh
e Chow, C.Y, step profiles for high - speed non-contaoting gas soals', ASME Psper
68 - LUBS - 38 (1988),

i 7. Gill, 8.8, ""The stress analysis of pressure vess~ls and pressure vessel compon-
; anta' mection 8.4.1 : 'Stress analysis of tapex hub flanges : cylindrical
vessel" Oxford : Pergamon Press. pp 280~287 (1870),

T ‘ 8. Boley, B,A, and Weiner, J.H, "Theory of thermal wtra=ries', Chapter 3 : ""Alternate formulations of

- thermoslastic problems'. New York : John Wiley & Sons pp, 76 - 100
: ; {1960, 1966 renrint).

: , ' 9, Nau, B,.8. "Review of the mechanism of hydrodynamioc lubricstion in face seals",

S ' Proo. 3rd Internstional Conference on Fluid Sealing, Cranfield, BHRA

. ' Fluld Engineering. Paper Eb (1867).

» ' 7. ACKNOWLKDGEMENT

The work dascribed was oarried cut vn behalf of the Ministry of Defence under contract A/62B/847, Miss,

e ! K.M, Mo Gowan {» thanked for assistance with programming.

|
‘. o
]
.
: 1‘ [
., E
B
]
o8 i
g |
.“
|
.m”

N U

o e sdaa

P

emtmn e ——r g i e a4 e s o <+ e e e e < e < i+ v i o

bl sohad Maomrer ta L mye A g e b h s wheb Ul A st d T W DSt A 0 AN VAN T it gt a0 B T it W o g



9

-

Ty ¢
AN EERE RN
| R SRR :
f B S
- o biepi
Shod _giialiid
-— =~ r—— ,“lu. T2 ) .“4."1
v N ERAE I
[ ,.I“-ﬂJln.L.l.
Lm 5 HEE BN PN
) B - 5 R B
@ 2 g nnns -
g |EEEAEnNE L= k.
r 3§ HEE)
F El 8. 8¢
5 vl I - 33
2 3 e k22
£ BE : P28 83
m = - - T NESERE o 3=
UO. | S ¢ el Rhas Bl 3 ST o o5 S 3
2 = 1 - PR AT - v A
m o__ 1 Voo A w L]
£, 2 35 AN 3S
s i !
£3 = g I8 -S| W EE RPN £3
) O 4 w55 | B TSN o=
C.m = g i H H H
& E = R | SRR SR A &
| & Boo STyl
E<3 = & o) 1 1 . .“ [
< R £ oall o lit .
L cL£E o v = +H R 4
. — = a M“ o [ e
- - Cc H 1 t u
L 2 3 g Es I R
nm ! Ma = r—1 [ Qe ) HE— H H
otc 2 5cs s Ry S
&8ice /~.\ T
. SREEE
| i 5.3 [t
. u -— 1 1 1 ' 1
- T I HE
“ g m.m A 2 L 1 @
| i &%s
E3%
2R3

Drive
spring




PR &
5 196 E
) Pressure flow !
g Rotation ]
! Control volume Sealed pressure 1
g boundary
Seaql
:" \%
§
| |
{ Shear flow ! }
' Pressure flow Shear flow ;
x + !
{ Pressure flow ! :

Fig. 3 Flow chart showing iterative procedure.
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n CALCULATE TEMPERATURE {
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!
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CALCULATE CENTROIDS & !
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MOMENT

CALCULATE  THE:RMAL
MOMENT

«-——-—i_giu.cume DISTORTION |

CALCULATE  PRESSUME
FIELD

]_ OUTPUT RESULTS |

Fig, 4 Control volume used in the determinstion
of the boundary of the cavitetion region.
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Film Fitm
thickness thickness
minimum minimum

Film p=PI
thickness
minimum

(b)

/ p=P0

Fig. 6 Computed cavitation boundaries with cavity
pressure (a) rero MPa abs, (b) 0,1 MPa abs.
Pl= 0.1, PO= 0,415 MPa
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INPUT  BATA YARLE 1 ~ NUMRERS DF PARTS

LEII T LT T T T TN

THERE ARR 42 INTENNAL PANTR
THERE ANE (3} FARYR ITNCLUPTNG BOyNDARTES

A

NE FILM CONAYEYSR DB LI YY1

INPUY  BATA  TANLE 2 = PARY nimaNginng

PARY HEBN 1IN Ppuy LU OF sioge SARY HEEH TN PaARTY LEnSYH OF S10E0
NUMBER AXRAL RADTAY, ANTAL ANADYAL NyUMBER AMTAL RADIAL ARTAL RADJAL
1 3 2 .178 1,988 2 3 2 3,178
3 ] ' 3.178 3.7254 4 4 H 4763
3 4 ? 4,743 1,78 ¢ 3 H 'R
? H 2 1173 1,780 ' H Y 5478
1 4 4 [ 4 3.17% 1,508 1¢ [ 3 3,178

INPUT  DATA  TARLF 3§ « PROPPRTIGR

LI LT LT DET T T T T

PARY THERMAL YOUNSS PHERMAL PhRY THERNAL
NUNSER CONBUCTIVITY MODULUS Y PANSTON NuMsER cououcvtv:vv
'TLLN N/BO ¥ cou';}c||~r Vi,
1

] n,013870 0,19390 as 0,16000en, i 0,019870

3 0,013870 0LAPNIE Ab 0,1600¢v04 4 0,098870

3 0,013870 0,19348 ne 0,1000R=04 [] 0,013370

4 0,08370 019398 ns 0,1600004 (] 0,099870

’ 0,015370 0,19318 ne 0,16008-04 10 #,013370

INPUT  DAYA  YAPLE & = SOUNDANIES (BOUNDARY VALUNS [N ¢ ORK W/t “H)

LLL YT T P LT T PP

NELENROUR

(L] Yo aitg
PARY PARY TYPUL WDUNDARY PARY TYPE  BONUNDARY PART  TYpU  mOUNDANY
NUNBER VALUR VALUr VALUE
] L} 2 40,00y ? 2 0.000 [ H 0,000
2 34 4 An, 000 3 a a,000 ] 4 080
3 1 3] 2 60,000 3 ] 60,000 L 14 2 60,000
¢ ] 2 0,000 s H 0,000 ¢ ? 0,00
$ H L 0,000 1) [ 80,000 L4 2 8,000
[ 4 2 0,000 14 i 0,000 ’ ¥ 0,000
? 5 2 000 s 2 0,000 10 H 0.000
[} 0 1 n,080 0 1 0,000 1 2 0,000
[ ] ¢ H 0,000 [ ] 0,000 14 4 0,000
10 L4 H 1,000 s 1 0,000 19 ? 0,900
INPUT  DATA  TABLE & = GOYTMAYED PARY TERPERATURNS AND CONYADL DATA
LIT YL LI T L LY LYY
PARY KEYINATED ARy ESYInAvED pART KETIMAYED (1114
NUMaER TERBERATUNY (LI L TEMPPRAYUNE RUNBER TEMREIRAYURE LULTTL]
1 43,000 2 ¢3,000 3 43 000 4
[] Po.00¢ ] 73,000 14 80,000 A

THE MAXINUM NUMBER AR (TERATIONS YO 84 CARRTED OUY (S 900
INTEAMERIATE REGULYS WILL BE PRENYED OUY EVERY 400 [IYERAYIONS

THE SOLUTION I8 COVOTDERED T BE CONVEASED WHEN THE LARGESY YUMPURATUNR
OLEFERUNCE SRYMGEN TYEAAYIONS IN ANY PARY (B 0,000 prengyy Cexvieason
TNE FILM CONBASYS Op PARTS 27 28 29

THE SEALED FLULD 18 ON THL INSIAP AF THE SZAL, PAESEURE »  §,6900 AD N/NQ, MM

INPUT  DATA TABLE 6 - SLILING INVK(SFACE PARANETERS

i FEE ot A
mt 3 nmo.n ¥ 4
MINSIUM Pl mxc SE/IMIN = 800-0¢ 1
i H KN!. vl +0800=0¢

AL 880008
TILY RAYIOIE B JSys o
WAKIIM FILN AT MALESPHT 8 0000  |.ADIAN
FACE DISTORTION 20000 FADIALE
VISCoSITY W 120005 Ho8sH
SHAFT EPEED u +2300405 [ Pu
N0, OF WAVES!
W DINPNE TN S ot 2les0
PRESSURCSI THTERNALoPY R 00000  fiug M
EXTERNAL PO = «31800406 liysa M
CAVITATION/PRAV = -+40000+0% 11750 M

Fig. 0 Input data for computer program
{sample only).

younds THEAMAL
HOBULUB tXPANS T ON
[ TAL B ] COl!l:glllV
0,19348 04 0,16008w04
0,193¢8 06 0,16000004
0,19318 06 0,96000w04
0,193¢1 3¢ 0,16000e04
0,19348 o4 0,960300000

0TYON
PARY  TYPR  BoUNDARY

- -
OSSOV SM>N

L -

VALYL

] 60,000

H 0,600

? 0,000

H 49,000

2 0,500

2 40,000

[} 9,000

H 0,000

] 0,000

? 0,000
ASYINATRD
TENPRRATURE
70,600
80,000

e g

e i

s o R < = e =t




OQUTPUY TYABLE 1 = TEMPERATURE FIELDIDEGREES CHNTIGRADE

COL LT TP s

COMVERGENCY CRITERTION IS 0.001 DECREES CENTIGRADE
MAXIMUN TEMPERATURE BIFFERENCE BETWIEN I7ERATEONS IN ANY OKK PARY

TENPERATURES IN PART 27 = FIIN

NEAT SOURCE  0.3475K 02 VAYTSIUNIT VOLUNE

132.07
120.98
TENPERATURES 1IN PART 23 = FILM
WEAT SOURCE 0,.9914E 02 VATTR/UNIY YOLUNE
135.03
133.7¢
VAMPERATUARS IN PART 29 = FlLW
MEAT SOURCE  S.99890 03 WATTH/UNIT VoLUME
134.97
1353.09
136.44
188.0
QUTPUY  TABLE 2 = CENTROIDS AND BECOND MOMENT OF BLASTICIYY
e T STt T
PARY CEWTROID  CRNYROLD PARY CINTROID  CANTROLD PARY CERYROID
NUnBER AXTAL RAPIAL NUMBER AXTAL RADLAL (1] 11] ARIAL
1 1,587 0,794 2 1,587 2,478 3 1.507
4 3.3%¢ C. 794 s 3.35 2,478 [ 323
? 9,928 2.478 ] 9,323 4,993 9 1,70
GLOBAL CENTROID RING 9 = AXIAL 14,089 = RADPIAL 8,901
GLOBAL CENYNOID RING 2 « AKIAL 30,082 = RADIAL 3,566
SNOKY »  D,9230K 10 SNOE2 s 0,¥3121 09
OUTPUT  TABLE 3 = MOMENYS AND DISTORYIONS
RS-
YRHPERATURE AT THE SLUOBAL CENIROLID, RING 9§ 73,9, RING 2 9.4
e p——
THEKMAL MOMENT: HING 1 s=0,20548 OIN,MN/MK CIRE, RING 2 n U,1338¢ Q3. MN/NN CLRC,
PRESSURE HOMENT: RING 1 ==0.1H84F 02N, MM/MN CIRC, AING 2 @ O, 3287 0AN,MN/NN CIRC,

[T TP T Py )

THE PISTARTLION IN RING 1 18 =0,72136<03  RAOIANS
THE DISTORYINN 3N RING 2 1S O0,1998E-02  NADIANS

POSITIVE MOMENVS AND DEFLECTIONS ARK CLOCKWISE

Fig. 7 Oufput from computer program : sesl temperaturss
(sample only) and vurious intermediate parsmeters,

PESULTS OF ALALYSTS

00 0t o 1 0 0 e

[ " n
897 333 M 20
AVERAGE FILM PRESSIME = «33096406  1/5Q40 CLOSIIIL FORCE KEQUERED = J3Bie3402 M
FRICTION FORCE = 237704401 1) OVLRALL LEAKAGL » 14998403 M A POVER =

Fig. 8 Output from computer program ! seal
design snd performunce parameters.
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DISCUSSION

o Gt e

i AJ.B.Jackson, UK

s What are the limitations of the techinique you describe in respect of film thickness? You dascribe a minimum
; thickness — is there a maximum thickness?

i

!

Authors’ Reply
The upper limit on our analysis is determined by the assumption of negligible fluid velocities normal to the plune
\ of the film, one would imagine this to be valid to the upper limit of typical bearing films, say 1.0 mm, The lower
i limit is fixed by the transition from hydrodynamic to boundary lubrication and, hence, by surface roughness,
N For a face seal the latter might be about 0.0002 mm.
|
|

APautot, France
Quelle est 'influence de la rugosité des surfaces sur I'établissement du filin d’huile, Spérialement dans le cas «'une
rugosité trés faible on observe un édchauffement des faces. Avez vous vérifié ce fait?

Authors® Reply
We believe that waviness is normally more important than roughness in mechanical seals, since it provides an
efficient hydrodynamic mechanism for soparating the two surfaces and so keeps apart the roughness asperities.
Most of our test work has been with seal fuces polished to permit examination under an optical flat, we have not
observed overheating with such seals.

i e i s o B g Py . _

L.P.Ludwig, US
Would you comment on the existence of liquid to vapor interface doveloping because of high speed shear of the

liquid film?

Authon’ Reply
A vapour interface is predicted by our computer model of the film hydiodynumics but this has certain limitations
since it is assumed to be at a pressure Py, which has a single value input as data. In practico there would be a
runge of values corresponding to different liquid temperatures and since, of course, the temperature varles radiatly
over the sealing gap this too must be tuken into account, Our total flow conservation method of handling the
prediction of the cavity boundaries could in fact be adopted to treat this mors general situation.

<
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RTD-1
ROUND TABLE DISCUSSION

Mr A.J.B.Jackson, as the moderator of the Round Table Discussion, opened the Session and introduced the Round
Table Panel Members:

Mr A.J.BJACKSON, (Moderator) UK

Prof. J.CHAUVIN Belgium
Ing.Gén.A.JOURNEAU France
Prof F.WAZELT Germany
Mr B.WRIGLEY UK

AJouriieau: Je préfére que I'on n’emploie pas le terme d'expert 4 mon sujet étant donné que je ne suis pas du tout
spécialiste des joints et que j’en ai surtout entendu parler au cours de cette session qui a été trés instructive pour moi,

car elle m'a fait prendre conscience de I'importance de poursuivre des recherches dans ce domsine, Je me contenterai
donc de faire quelques remarques générales,

Si je ne me trompe, c'est le premier meeting organisé par le PEP sur ce sujot ot si I'on compare cette situation aux
nombreux meetings qui ont été consacrés aux écoulements principaux dans ies compresseurs et dans les turbines, on
peut dire que le rapport du nombre de communication est peut-étre proportionnel au rapport des débits de fluide dans
les deux cas, Alors qu'on arrive d étudier ce qui se passe dans les écoulements secondaires des turbomachines, ¢’est-d-dire
dans les coins, dans les bords de I'écoulement principal, 1d ol interviennent les phénomeénes de couche limite, tridimen-
sionnels, et ceci surtout en vue d’accroitre les performances des étages d’aubages, il me semble qu’on a encore peu étudié
les écoulements dans les joints & passage de fluide. Ce sujet a heureusement été abordé au coun de ce meeting, en
particulier au cours de la session IV d’hier ol nous avons eu deux études scientifiques trds intéressantes,

Si on considére 'importance des joints dans les colts d’exploitation, les économies d*énergie, lu sécurité d*emploi
des turbomachines, comme celd a été mis en dvidence par les exposés des utilisuteurs opérationnels, en particulier par
Mr Smith, il me semble que I'effort de recherche devrait étre accru, Des recherches de base devraient étre mendes tant
en ce qui concerne les systémes avec contact solide (problémes de matériaux, recherche yur le frottement) que les
systémes 4 joints guzeux, d labyrinthes avec une étude approfondie de ces écoulements entiérement tridimensionnels,
ainsi que des études sur les phénomenes vibratoires et les transferts thermiques.

Je n'en diral pas plus; je pense seulement, qu'su cours de cette table ronde, il serait bon qu'un échange de vue
entre chercheurs d'une part et utilisateurs d’autre part permstte de mieux déguger les objectifs de recherche ot de
définir des priorités parmi ceux-ci,

L.P.Ludwig: As we got into the meeting it became upparent that we had a very complex subject and our research
efforts should be stepped up, 1 certainly was impresscd with these papers and this AGARD meeting, In general, it was
gratifying to see the number in attendance and tho interest shown by the people present.

As has been pointed out by u number of comments, we did not get into all the subjucts, e.g., static seals (we only
skimmed over them); and we also did not get Into the vary important subject of wear, We need to know more about
wear mechanivms because we have been talking about running very close clearances which lead to rubbing contact,
The subject of wear theory and experiments would tuke another whole meeting. [ might just mention that we are
doing some work on the theoretical and experimental aspects of wear. A number of new theories have surfuced within
the last couple of years that are interesting and suggest that we might now be in a position to put together a better
wear model. This waar model would involve the surface instability mechanism which | mentioned was first invostigated
by Barber (Reference 50 of Paper No.1) and is now boing studied by Burton (Reference 51 of paper No.1). Also the
woar model would probably need to take into account some of the aspects of machining theory, both cutting and
grinding., For example, in the compressor there ure high speed blades cutting into abradable materials; and there ure
upme aspects of grinding when abrasive blade tips rub against ceramic materials in the high pressure turbine, or when
vanes rub against the abrasive coating on druin rotors. Some of these machining mechanisms are ourrently being
investigated at Ohio State University in the USA under a NASA grant,

In addition, there have been some theories developed involving the thermally affected surface layer, some call it
the “frictional encrgy affected layer”. (R.Bill of NASA Lewis Ressarch Center and L.Roseanu of Technion, Israel
have published work on these surface luyers.) We suspect that thiy thermally uffected surface layer may be responsible
for the sometimes very destructive blade metal transfer (to the shroud) in & lLigh pressure turbine. In a turbine the
blade passing froquencics are greator than ten thousand bludes a second und if transfer starts on the shroud wo can

quickly machine a very lurge gap. With ten thousand bludes per second even if cach blade contributes a very thin
layer, he transfur would quickly build up.

Also when we talk ubout friction and wear, we have to be concerned with the dynamics of the whole system.
There iy & possibility of induving backward whirl, which is part of the rotor dynamics problem mentioned in the
first paper, and I was pleased to see the puper by Benckert and Wachter on the effects of non-uniform clearances and
its relation to shaf! dynamics; this is & very important subject especially in the very high pressure machines.

As for a8 the labyrinth seals ars concerned, we will always have a lurge number of labyrinth seals in engines,
And certuinly tho systemetic study which Allison presented will go a long way towards clarifying some of the questions
regarding effects of meting muaterials, such as honeycomb and porous materials; and the labyrinth transport phenomena
which was the subject of tho paper by Boyman and Sutor was very interesting and informative,

et st i
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In relation to the wear study, there are some other comments which relate to some other questions asked yesterday
on labyrinth thermal stability. This is related to the thermal transfex and heat split into the shrouds and down into the
rotor. This is a very complex situation and some very odd things may happen. Sometimes the contact on a labyrinth
seal will only be a small ar¢ - maybe 5 degrees. | think there is a picture in the first paper showing what can occur
when the shroud rubs into the rotor, The first point on the labyrinth knife-edge which happens to contact grows
thermally -- it forms a macroscopic tooth on the knife-edge outside diameter (or hot spot) and this eventually wears
down and some other point makes contact. So we get a whole series of small contact events. Thus the heat transfer
down into the rotor is very different in this case as compared to its rubbing all the way around the knife-edge. And
certainly more research should be made into this question of heat split and thermal transfer.

The paper we had this afternoon by Campbell, brought up a subject which we have somewhat ignored for quite a
while, and that is the secondary flow system design, and in particular sealing to prevent the ingestion of hot gas down
into the turbine cavities, As engine design advances to higher temperatures and pressures, the secondary flow system
will assume even more importance, snd more attention should be given to this subject, particularly in the turbine
where hot part life and thermal cycling are critical factors.

F.Wazelt: Now comes the view of a non-expert again and it will be a view from some distance. I am not actively
involved in the development of sealy and if this is a handicap or an advantage we will all know in a couple of minutes.

First, lot me give some of my personal observations and impressions on the current status,

Air Path Seals

Deformations between rotor support and rotor under mechanical and thermal loads are observed resulting in
transient relative movements between those two components and leading to occusional contacts, rubs, These contacts
seem $0 me to be currently accepted. Much of the effort and work we have heard about tries to minimize the damage
done during such contacts and to absolutely prevent catastrophic failures. The measures which are used ure design and
materia! selection for the seal surfaces. In essence, it looks to me at this stage that we allow our machines to adjust
the required clearances themselves by working at it.

During engine operation we observe performance deterioration - a portion of it is identitied as being due to seals,
I had the impression that it is not entirely clear if under different loads different rubs cut deeper grooves, what part
erosion plays in this change of clearance and which part is due to distortion of the stationary seal supports,

One thing impressed me very much: that these seals cannot very easily be repaired and I believe further work on
suitable repair techniques is being required.

Shast Seals

Primarily they servo to retain oil in bearing packages. It seems to me thut an additional objective is to avold
contamination of engine parts. Preventing oil leaks into the gas paths reduces accumulation of dirt on profiles and
channel walls and helps to reduce corresponding performance deleriorations. Qil contamination of cavities inside
rotating components could lead to serious unbalances. I got the impression that the deterioration of such shaft seals

in aotual operation yeems to be loss than that of gas path seals. They seem to live longer, however their repair Is
always a costly undertaking,

Progress seems to be in the offing by incorporating self-action seals. [ also welcome the efforts of increasing the
tolerance of such shaft seals against radial excursions. Interesting phenomena like the migration of small oil droplets
aguinst the blockage airflow and the possible problem of creating periodic lutera) excitation forces in eccentric seals
might receive further attention.

We huve heard about clearance measuring techniques, and [ believe those techniques are of oxtreme importance.
And we have heard about two ways of measuring running clearances in operation with instrumented engines und In
particular with non-instrumented engines, These techniques will be of extreme importance for a while to come.

Especially since they allow us to measure cloarance during the steady state at various power levels, but also at extreme
transionts,

Now some general remarks regarding the current status.

I was glad to hear that the sealing of cooling air supplied to turbine rotors was not reported to be a serious
problem arca. Ana maybe this is due to the very systematic studins which apparently have been done und are in
progress about which we have heard this afternoon.

1 was somewhat surprized that - aside from the subject of balancing axial loads -- bearings in connection with
providing the concentricity for seals did not receive much attention during the meeting and if I have to speculate then
I would guess that bearing e/fects and wear of bearings could be completely shudowed by the displacement of the
bearing support structures which may be predominant in this aspect.

We have heard about problems with stationary and rotating seals. 1 always wondered why ordinary flanges are
not a problem, especiully if I think that through flanges compressor discharge air can leave the cycle completely and
these flanges also distort; now in most applications probably this problem is well In hand. I am myself somewhat
plagued by the memory of problems we have had with the regenerative engine where turbine components are very
small compared to the flanges surrounding the heat-exchanger due to the dimensions of the heat-exchanger casing,

I would like to point out that in such situations compressor discharge air can leak inside the engine directly to the
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exhaust and not participate in the cycle. And I think with regenerative engines that type cf sealing problem with
distortions under different loads and thermal expunsions may also be an interesting problem and not an easy one.

That much to the current status, If you permit me, 1 would like to give my personal outlook on future work, :
And | am not thinking of neur-term development but of some long-term research subjects. :

First, some remarks to the system aspects. | believe we need further refinement of all clearance measurement
techniques suitable for application in actual operation. And I would like to see those applied while actually putting
the engine under external mechanical loads.

Second, I believe parallel to this we should make every offort of computing and measuring the deflections under
mechanical and thermal loads of the stationary structure and of the rotating structure separately and then join them to ‘
get a feeling about the influences on relutive distances between those parts, the required clearances, | think the objective
of this type of effort should be to derive reliable development tools and prediction methods for those deflections under
various thermal and mechanical loads. And third, it would help if one could clear up the question: Are bearings and
bearing wear really unimportant for the location of the rotor in refution to the stationary supports?

From the result of such activities, I hope that we receive quantitative information on the required clearances.

Now some seals aspects, I would like to call one aspect a clearance control. By that, | mean to maintain a more i
or less constant gup between the two parts under all loads and operating conditions. .

We have heard about self-acting seals -- one could think of displacible vlastic or pneumatic supports of the ' !
stationary seal surfaces, I think a confirmation and extension of the work which is already initiated should prove to '
be helpful. Such approaches seem to me quite promising for shaft seals.

Now | would like to propose a second activity which is still surely in the category of the preliminary brainstorming -
I would like to call that a leakuge control. By that I understand to maintain flow rates at u constant level through gaps
of varying size. I think in that sense the beginnings of the flow studies (we have heard about them) could lead further
and we could even consider to take active counteractions against the leakage flows. 1 am thinking of using bleed flows

to suppress and control the leakage. I would as a luyman really hope that such approaches could also be applicable to
gas path seals,

Now in concluding my remarks I would like to address myself to the engine design. Eliminate seals whenever it is
possible. A seal which is not there, does not cost anything, does not weigh anything, does not wear nor fail.

B.Wrigley: | would like to take one of Professor Wazelt’s points first of all, and that is the question of flanges and
leakages between static parts. It is one of the points 1 was going to bring up anyway. 1 don’t think I'll be overestimating
the significance of the point if I point out here that it was a crucial factor in failing to achieve the performance of the
RB 211 in the early stages of its development, i.e. prior to 1971, und I am sure we all recall the consequences of that.

In particular it is important to pay attention to sealing in the vicinity of nozzle guide vane locations, and one of the
features that was eventually introduced into the RB 211 was a concept called chordal sealing, where the circumferential
flange was in fact produced as a series of chords rather than a complete circumference. Any rotation that took place
then was about a straight line which did not open up the flange.

During the conference 1 have seen considerable emphasis placed on sealing in the main flow path of the sngine,
particularly compressor and turbine blade tips. It does raise the question whether the unshrouded HP turbine blade
is the best solution, and perhaps, coming from Rolls-Royce (Derby), I am a little bit prejudiced (in favour of the
shroudoed blade). Nevertheless, we have convinced curselves 1 think, at Derby, that there are very good points in
favour ot the unshrouded turbine. The lower stress levels reduce the requirement for cooling air for example, Those
good points are worth striving for, and we must develop solutions to reduce overtip leakage.

I think designers must also distill the best features of our current engines, and I refer mainly to the high bypuss
engines. 1 think it is important to have short rigid rotor systems with strong cusings. This may cause weight ponalties.
There is no doubt thiat the three spool concept adds some weight to the engine, but we have demonstrated that short
rotor systems minimise carcase deflections, We must also have strong casings which stay round. Engines of this sort,
1 am sure, can be demonstrated to have less in-setvice deteriorution than the figures that we have seen during the last
two days. 1 would draw your attention at this point, to the graphs that were shown as part of the X-ray lecture

yesterday, which were for the industrial version of the RB 211, but which showed quite small relative excursions of
the rotating to the static part,

A theme of the conference hus been performance deterioration in service and the impression has LUeen given,
unwittingly, that all of the current generation of high bypass ratio turbofans suffer to the same extent. This is not so.
Firstly analysis of RB 211 flight certification engine performance shows that performance is not lost over the first few
flights whereas other engines suffer about 1% irreversible specific fuel consumption deterioration. Factors contributing
are:

(a) Small relative deflections of rotor to casing in the HP compressor. In circumstances which cause the engine
carcase to bend, e.g. manoeuvres, thrust modulation and heavy landings. The short axial length between
bearings which the 3 spool concept provides and isolation of casings from structural carcase are beneficial
in reducing these deflections.

(b) Strong bearing support structures, which by proximity and by remaining circular under carcase deflection,
provide a higher degree of roundness in criticul cusings of the engine.
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Secondly, the situation with higher in-service hours can be analysed from the annual in-flight fleet audits conducted
by one of the major operators of the engine. These data show that after 4 years of service the fleet average deterioration
of the RB 211 is about 1% specific fuel consumption and although the time between overhauls of the HP module
containing the hot section of the engine, has been quite short, sufficient data are available to demonstrate that the rate
of deterioration of this module is slight.

Factors contributing in addition to {a) and (b) ubove are:

(¢) Careful attention to matching the axial and radial thermal growths, particularly of the HP compressor and
the turbines. This was achieved partly by design calculation, supported by extensive transient measurements
of disc and casing temperatures and partly by development action, using X-rays and other techniques, A
particular example was additional mass of metal in the vicinity of HP turbine casing flanges, which has allowed
very accurate matching of radial growths throughout the engine operation.

(d) Axial positioning of bearing and support structure to minimise relative radial clearance excursions, from
deflection and tolerance build-up.

(e) Shrouded HP turbine blade, which by providing sesl knives and perhaps casing the design problems of the
overtip shroud, has reduced the variation of clearance and the sensitivity to clearunce simultaneously.

Thess RB 211 data provide in my opinion an approach to minimise performance deterioration in the design of
future energy efficient engines, at least as far us sealing in the main gas path is concerned.

If I could be provocative for a moment, I think that I might suggest that from RB 211 and RB 401 experience
(the RB 401 is a small business jet-engine), I don't see¢ & strong case for active clearance control,

Still staying with the main flow path, a possibility for improving the effect of over-tip clearance is to change the
hub-tip ratio a¢ the back of tne HP compressor, It is interesting to speculate on this - that if hub-tip ratio is changed
from 0.92 to 0.9, we would estimate that it might be worth about |% efficiency for a given level of clearance. But
such a change can react adversely, In changing the hub-tip ratio by that amount, the rotational speed rises by nearly
30% and as the turbine bore is constrained by shafting within that bore, the tangential speed rises, and it has less
cupability for supporting the blade and other parasitic loads that are applied at the rim. If there is freedom in the
turbine region, change of compressor hub-tip rutio could be helpful, If there isn't, there may be as inuch lost HP
turbine efficiency as the gain on the compressor.

David Campbell showed us that in the design of secondary rlow systems, the flows are quite often determined by
fixed orifices and the consequence of a seal failure is not necessarily a deterioration of SFC, but one of loss of integrity
or reduction in integrity margin.

Nevertheless air is discahrged at a different point into the flow puth as he has pointed out. That raises a question
which has hardly been touched on during the conference, that is the effect of alr leaking into the main engine flow path,
and the effect that it has on component efficlency. This I think, is a subject thut needs much more attention, In fact
1 would like to ask Harold Stocker and David Campbell, who presented information on the effect of leakage on SFC,
whether they have made any allowance for the effect of the flow on the component efficlency, or whether it was a
straight-forward thermodynamic calculation,

We heve had tremendous emphasis put on cost of ownership. Not only are the airlines of the world pressing in
this direction, but we know that the Air Forces are as well, Designers might well give attention to commonisation of
bearings throughout an engine, and this might help to commonise seals too, which would sllow smaller spares holding
to be maintained.

I agree with Professor Wazelt with respect to the emphasis he put on better measurement tools, There isa
complementary role for the {wo systems that have been discussed during this conference. I think that the probe
system has some advantages in cazes where one may be doubtiul ubout roundness of the static component. It is
probably easier to place several probes at different points around the periphery.

Finally, a ples to the compressor specialists to agree on the sensitivity factor due to tip clearance over annulus
height ratio. We have seen the values presented by Mr Ludwig yesterday with reference to a paper by Mr Mahler
which were quite different in shape from the ones that Rolls-Royce normally see, and 1 think that the compressor
specialists might take this up for discussion. It would be very helpful for us to know really how significant this

particular point is.

AJ.BJackson: Thank you Mr Wrigley.

The Round Table i3 now open to the floor and perhups 1 would like to start the ball rolling with a question: do
we think that seal technology is keeping up; is it keeping pace with the work that goes on in other parts of the engine?

Has anybody any commeonts or questions?

D.C.Whitlock: 1 cannot anawer the question directly but | would like to make this comment with regard to oll sealing.

Rolis-Royce's approach to oil path sealing is different to that of our American competitors. I suspect that this
difference is maintained because none of us like to divert significantly from our previous experience,

We have, however, heard from Mr Ludwig und also Professor Dini about rig test work on advanced il seals; work
that has been proceeding for several years. Beforo such advances can be incorporated in production engines, the engine
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manufacturers must accept the risk of extending the rig work into engine research. They must weigh the time and
financial risks on research engine programmes against the possible improvements to be gained.

Perhaps Mr Ludwig could comment on proposed engine test work?

L.P.Ludwig: I would like to add the comment that self-acting seals are being put into prototype engines, and these are
small diameter types (6.44 cm dia). I believe that there is a size ~ffect, in small sizes it is easler to keep the faces flat,
But as you go up in size, the flexibility of the rings starts to give you trouble, The largest size on which we have some
operation is 25 centimeters, beyond that, keeping ring flutness within a reasonable weight is becoming very difficult.
And I should emphasize that keeping the sealing faces flat is the «acret to success in self-acting seals.

F.H.Mahler: Ithink the question you have pused is central because in addition to improving seals, per se, we are
endeavoring to effectively upply new sealing techniques in engines now being developed and in the design of advanced
engines for higher performance. To do this, we will have to work hand-in-hand with the aerodynamicist to achieve
improved component efficiencies. Optimistic predictions of better performance based on advanced aerodynarnics may
prove illusory without the benefit of an equally efficient sealing system, We are in a period of transition that in a way

is similar to that we went through when axial flow machinery was first adapted for flight, focusing on clearances as one
of the major losses in the overall system,

Seal technology is advancing rapidly, as the material presented at this meeting illustrates, attempting to match the
pace of engine development toward fuel economy. To meet reduced fuel consumption goals, the planners and managers
of engine development programs are learning to approach sealing in a fundamental sense comparable to compressor and
turbine aerodynamics. Seal specialists are becoming inore involved in the development process and in preliminary
design so that the proper szal philosophy is in the engine at tho start ruther than as a band-aid. To judge whether seal

technology is sufficiently mature and whether the process of system integration can be successfully implemented, is,
1 think, very difficult at this time,

AJ.BJackson: [ would like to endorse your remarks very much., An obvious link between the compressor
aerodynamicists’ work and the work of the seal engineer is in the simple matter of choice of the reaction in the
compressor and turbine. This choice of reaction can alter the end load very substantially and therefore the seal
diameters and therefore the difficulty in the seal. That is just one example, Cun | quote another one perhaps: the
shrouded und unshrouded turbine tip seal is another obvious case. And I certainly feel, as perhaps a man brought up
more in the aerodynamic side than in the seal side, that the aerodynamics of seals is still incredibly old-fashioned and
in its early stuges, as we say, relative to the stute-of-the-art in rotating muchinery. This is really why | asked the
question, I feel the unswer is that there is much further to go in the art of seul design, We aro still at an early stage
compured with rotating machinery and I think that the objective that we can go at — a figure of 4% of specific fuel
consumption lias been mentioned - - is very well worth pursuing, und it is there to be achieved at 4 much lower capital
investment than getting the same improvement by attention to the details of the rotating machinery.

L.P.Ludwig: I want (o add just a comment gbout the probes which were mentioned by Professor Wazelt, I think here
is something thet might be the key element. We need, of course, to find out what the transient clearance changes are;
there we suffer because of the lack of small probes. And we probably have only several people here in the UK and
maybe several in the USA trying to develop probes. In general, probes aro very large and capacitance probes suifer

" because of thermal drift. So I think maybe here is an area which we should really concentrate on, We need a strong
effort to develop trunsient clearance measurement devices which are small and eusily put into un engine. And prefor-
ably an engine which is flying and not one run just on a test stand,

H.Stocker: I will try to combine Mr Juckson's inquiry regarding *has seal tochnology kept up with the rest of the
components' somewhat with Briun Wrigley's comment about losses assoclated with seal leakage. I approach this
subject from the standpoint that over the years there has been a lot of money spent on itnproving and pushing up the
level of demonstrated compressor and turbine efficiancy. The performance gains that may be possible, beyend the
leveis demonstratad in advanced gas turbine engines, will be more difficult to achieve since the gap between demon-
strited and ideal efficiencies has been substantially reduced with improved serodynamics, The performance galns are
also becoming much more expensive in dollur per point of efficioncy gain. And I just wonder if the aerodynamicists
have gotten to the point that they are going to huve to turn their attention quite strongly to the question of how does
seal leakuge keep them from achieving highet component efficiencies, There must be potential turbine blading
efficiency improvements to be gained when 1 look at the amount of flow that enters the turbine either coming in
through a cooling circuit mechanism or through labyrinth seal leakage. There ure certuinly thermodynamic losses and
momentum losses depending on how the flow is brought back into the turbine flow path, And there are probably
windage losses of 4 mugnitude we have yet to verify. 1 believe similar effects in a reverse fushion are present in the
compressor, You are certainly having an effect on the downstream aerodynamic performance when you have leakage
around the tip and hub of the airfoils and create u profile distortion for the next compressor stage to handle. In
discussions with compressor specialists on the subject of leakage, | believe that I could supplement Brian Wrigley’s

comment about the shape of the sensitivity curve for the compressor and add a third curve, representative of Allison
experience, to the two mentioned.

In the turbine regions, I believe the magnitude of the identified loss mechanisms have yet to be completely
qualified as to what the amouni and method of bringing flow back into the turbine flow path really doss to
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performance. | do not believe that engine cycle accountability is giving complete credit or blame to seal leakage effects
on performance deterioration within the gas turbine. There is, in the amount of flow by-passing the combustor, a
certain amount of work that is fost depending on where and how the flow is retumned to the gas path. And certainly
there have been studies done — I know — by Rolls-Royre and also by Allison, on the loss effects when you bring the !
flow back in to the turbine flow path. I believe this is why you see some of the treatment in the hub region of the flow
path. There has been an effort by designers to get the flow back into the main gas path with as little cost to the energy
of the main gas path as possible, However, I am not convinced, since I um seeing some conflicting magnitudes of results,
that sufficient knowledge is available on the penalty of seal leakage or cooling flow re-entering the turbine region.

In my opinion, the arza of sealing technology covers a broad spectrum of difficulties that still exist in the gas
turbine engine and they certainly have not been adequately addressed. If you were to take a survey of gas turbine :
related technical publications for the past ten years and compare the amount of work done on compressors, turbines, !
combustors, heat trunsfer, etc., to the number of reports published on improved gas turbine sealing technology, 1 ;
believe that you will get a reasonably clear picture of the lack of technology development in the gas turbine sealing
urea, Just a casual glance at any annual technical publication summary will lso give you an indication as to whether
seal technology has or has not kept up with the rest of the gas turbine component technology efforts.

D.A.Campbell: [ would like to complement H.Stocker’s remarks by first answering a direct question from the top
table about my assumptions in my paper on disc sealing, about the sffects on engine performance, The unswer is that
in fact the effect on turbine efficiency of the flow re-entering the turbine wus neglected. This could have been worked
out but in fact I did not do so because of the lack of time, But I have remarked in the full version of the paper that
this effect can be kept fairly small by appropriate design of the interface with the annufus, And Isuggest a quantity of
about 0.3% of turbine efficiency for each 1% of cooling air.

Now | do have to admit that this is based on very few data and thero Is certainly scope for obtaining more data
of this sort from turbine rig testing.

In Professor Wazelt's summing up [ think I detected an implication that I have given the impression that everything
was under control in the disc sealing design area, I did not mean to do this. And in fact I did outline scveral areas
where we need more research and more data in order to do good design w ork,

Now the question has also been asked: Do we think that seal techniology is as advanced as the other technological
aspects? My feeling is that the amount of money spent on testing and research in the seal technology uren is
disproportionally small compared with the resources allocated to the testing of major serodynamic components,

And that if we are 1o improve the performance standard of engines we must spend much more on seal technology
and this will still be a small amount compared with what is spent on conventional main component technology.

This also applies to the preparation of such things as computer applications programmes, where 1 feel that we in
systems design are starved of resources compared with those allocated to main turbomachinery applications,

1 was impressed in an earlier paper by a diagram showing the effects on direct operating costs of various parameters
related to engines and I was vory impressed by the smallness of the effects on engine weight. I think we have an attitude ‘
to engine weight which comes from a time of much lower fuel costs, I think it is time now for us to reappraise our
attitude to engine weight and to see where we can add featutes to engines that will improve sealing performance and
the reliability and durability of that performance, perhaps at the expense of some weight, with only a small offsetting
penalty on operating cost due to that weight increase itself.

D.K.Hennecke: 1 would also like to point out an area where seal technology has not kept pace with the rest of technology
and that is the area of heut transfer in seals. The knowledge of heat transfer to compressor or turbine cusing above the
rotating blades is still very limited. Also, the heat transfer to the rotating and static members of labyrinth seals has not
been investigated thoroughly. Yet this hus to be understood quite well if one wants to achieve a good thermai match
between the rotating and stationary parts which Is iraportant as we huve heard many times during this meeting. So, |
would plead that future research is ulso directed to the seal heat transfer problem and that people who study the flow

in seals ulso ask themselves whether they could ¢xtend their research by studying the heat transfer too. i

A.J.BJackson: I think that we have in fact covered in the discussion all of the major points that have come out of the )
meeting. And so if you think that there are no other comments to make 1 would like very briefly to sum up as 1 sce i
the situation.

First of all, I think this has been a good conference and it is really just the next step in the historical evolution of
the importance of seals which wus referred to by Mr Ainley in his opening address. We have had papers on a number
of subjects and 1 do feel that having heard them that the general state-of-the-art is not as advanced as in other arcas in
the engine particularly the turbomachinery. However, | think there is one encoursging uspect of the work shown at
this conference which is that very clearly at all times has the relevance of the work to an engine been kept in mind.
1 feel that in some of the more ssoteric research areas that we have had conferences on that it hus not been always
quite so clear what the relevance of the work to the engine is. But in the case of seals we huve had at leus!. three papers
and many other comments about the gains to be obtained from improved seal design. I refer once again to the incentive
of 4% of SFC. Four percent perhaps does not sound much to somebody not used to dealing with specific fuel consump- )
tion and direct operating cost; but it is an enormous amount, particularly in view of the developing fuel situation which ‘
has been referred to, again, during the conference. I think the comments ulso at the end by Mr Campbell regarding the
relative importance of fuel and weight should be borne in mind.

R P S




RTD-7

It may alco be srgued that this could be described as a rather mundane subject for a scientific conterence. The tact
that you ure all here and the guality ol the papers has shown that this is clearly not the case and that this conference
has been very well worthwhile having.

The key items cut of each of the sessions are — in my view — as follows:

1n the field of materials much has been done but thare is still a great deal to do. The fact that one paper on
ceramics was cancelled is surely a good indication where we might go in some areas,

The question of the users; they the users said that there ought to be more communication. And I appreciate that
from first hand experience of talking to Service Engincers (Field Engineers).

They are extremely vociferous in their views of the designs of the engines which they have to maintain in the
field, and 1 would recommend that each of you does talk to a Ssrvice Enginser for about 16 minutes in the near future
and get that input; it will be very firm. 1 ask the users however, whether there is anything they can do in the way they
use the engines to maintain the performance of seals. We have seen latterly the use of fiexible ratings and generally
rather more care of the engine being taken by the Pilot than has been, perhaps, sometimes the case in the past and I
feel that this line could be developed further,

Regarding measurement tecliniques, there can be no doubt whatever that this limits the basic standards of data,
and so anything that can be done to improve measurement techniques is baund to have a fundamental effect on the
rate at which the technology edvances,

Regarding labcratory experiments, | was very encouraged to see that there was a whole session of six papers (out
of the total of 17 papers actually presented) on this subject, and it is only an indication of what is going on. There is
cleaily other work going on and I feel here that the function of & Conference such as this is to bring this kind of work
out into the oper and to help the communicutions problem between seals engineers which has also been referred to
many times at this Conference.

Regarding design aids, these papers merely emphasised the need for more data and this is where the work on
experimental tests is so important.

The work shown therefore at this Conferance is only a small part of everything that is going on. The need for

more communications is obvious on the subject of seals; there has in fact been noted (just as a result of this Conference)

some duplication of work due to lack of communication. Conferencer on this kind of subject are all too rare.

So in concluding 1 would say please continue the good work, which is very important in view of the developing
fuel situation,

Thank you all very much indeed.
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engine operating end maintenance costs, and the engine design procedure, Within the Round
) Table Discussion and even more extensively in the Technical Evaluation Report conclusions
y are drawn and recommencations are given whereto future interest should be directed.
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Experiments, and Design Aids. The meeting was concluded with a Round Table
Discussion. This discussion as well as those after each presentation, znd the Technical
Evaluation Report are included in the Conference Proceedings.

The purpose of the meeting was to provide a forum fo discuss technology of gas
turbine engine seals. The discussion was limited to cases where refative motion exists
between parts of seals. Both gas path and oil path seals were covered. Due to relevant
and timely contributions an overview on the present status and the shortcomings of
seal technology is reached as well as on the current developments. Various aspects
were taken into account kike engine operating and maintenance costs, and the engine
design procedure. Within the Round Table Discussion and even more extensively in
the Technical Evaluation Report conclusions are drawn and recommendations are given
whereto future intereet should be directed.
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