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as provided by the authors.

Trade names and trademarks are used in this report for identification
only. Their usage does not constitute an official endorsement,
either expressed or implied, by the National Aeronautics and
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SEALS AND SECONDARY FLOW NEEDS
HSR OVERVIEW
R.C. Hendricks and B. M. Steinetz

The leading Aeronautics program within NASA is the High Speed Research Program
(HSR). The HSR program’s highest priorities are high pay-off technologies for airframe
and propulsion systems required for a high speed civil transport (HSCT). These priorities
have been developed collaboratively with NASA, FAA and the US Industry (Boeing-
McDonnell Douglas, Pratt & Whitney and General Electric).

Phase one of the HSR program started in 1990, and concentrated on the environmental
challenges of minimizing NOx and noise. The first program goal is to reduce the NOx
emission index to less than 5 (Concord NOx index is 20 and is unacceptable), in order to
have little impact on the earth’s ozone layer. The second goal is to reduce noise levels to
FAR Stage 3 (or better), comparable to those of subsonic aircraft (far below the Concorde
noise levels that require exemptions from less stringent standards). This requirement
greatly impacts the nozzle design increasing its length and complexity and poses unique
sealing challenges.

Phase two started in 1993 and initiated work on the technologies required for an
economical HSCT. Materials technologies under development include a ceramic-matrix-
composite combustion liner, lightweight materials for the nozzle, as well long-life
turbomachinery disk and blade alloys. Other required materials are being developed
under the DOD-IHPTET program, where there is close cooperation.

Economic goals translate into the development of technologies for tri-class service, 5000
nautical mile range aircraft with a ticket price no more than 20% over the subsonic ticket
price. The potential market could be as large as 1500 aircraft, according to a Boeing
study. Technology alone will not enable this airplane, yet without enabling technologies
“on the shelf”, it will not occur.

The HSCT engine will be the largest engine ever built and operate at maximum
conditions for long periods of time posing a number of challenges. The HSR engine
mission requires that rotating equipment stay at take-off condition temperatures for hours
not minutes per flight. Hence rotating equipment and seals must operate for many
thousands of hours at extreme temperatures. It is anticipated that the nozzle will be 12
feet long and roughly 4 ft. by 5 ft. in cross-section with a nominal airflow of 800 lbs/sec.
The complex functions of the nozzle (including an ejector for noise attenuation)
combined with long life place new demands on nozzle seal design. Three inlet
configurations are under consideration with attendant sealing challenges, as will be
illustrated herein. Four of these engines are required to propel a 5000 nautical mile class
vehicle which demand that component reliability be at the highest possible level.

In response, an HSR seals session was implemented as a part of the 1997 —Seals and
Secondary Flow Workshop. Overview presentations were given for each of the following
areas: inlet, turbomachinery, combustor and nozzle. The HSCT seal issues center on
durability and efficiency of rotating equipment seals (including brush seals), structural
seals (including rope seals and other advanced concepts), and high-speed bearing and
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sump seals. Tighter clearances, propulsion system size and thermal requirements
represent extremes that challenge the component designers.

This document provides an initial step toward defining HSR seal needs. The overview for
HSR seal designs includes, defining seal objectives, summarizing sealing and materials
requirements, presenting relevant seal cross-sections, and identifying technology needs
for the HSR office.

NASA/CP—2006-214329/VOL2 2
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Nozzle Seal Design Considerations

! ¢ & & |} | |]faj
. Level of Seal Technology Readiness Level (TRL) can be determined by assessing
following criteria and comparing to state-of-the-art

® Temperature
— Passively vs. actively cooled seals
Seal Pressures
Sliding Speed
Nozzle Panel-to-Sidewall Relative Thermal/Structural Growths
Adjacent Wall Condition:
— Waviness/Sealability

— Maintaining minimum waviness requires stiffer/heavier nozzle panels
— Surface Roughness: Wear; long term durability.
m Actuation Forces: ’
— Actuator Weight and Size (packaging)
— Actuator response for nozzle transients
m Seal Materials:
— Resist scrubbing damage
— Resist Oxidation

® Integration of seals with nozzle:
— Space Claim in movable nozzle panel
— Nature of sidewalls: Acoustic tiles pose unique challenges:
» Gaps between acoustic tiles => Leaks
» Woven tiles: Durability of seals; Durability of Acoustic panels
m  Survivability/ Durability:
— High Acoustic Loads
-~ Long “On-wing” performance
— Cyclic durability at temperature

NASA/CP—2006-214329/VOL2 15



Nozzle Seal Exit Criteria (Preliminary)
1 | ¥ ¥ T DT U I

Seals demonstrated at: Required operating temperatures/pressures/acoustic levels
Seals exhibit satisfactory durability/change in leakage over required cycle life
Seals conform to and seal unique sidewall conditions

— Acoustic Tiles and Gaps Between

— Accommodate anticipated waviness
Seal friction loads within acceptable limits for nozzle actuators

Seal failure modes and effects documented and exhibit minirﬁum/acceptable risk

Cost and Availability to meet schedule

NASA/CP—2006-214329/VOL2 16



BASELINE HSR INLET AND ENGINE BAY COWL SEAL REQUIREMENTS

David Sandquist
The Boeing Company
Seattle, Washington

The two dimensional bifurcated inlet, down selected for the HSR program, and the engine
bay cowling consist of many sealing interfaces. The variable geometry characteristics of
this inlet and the size of the propulsion system impose new sealing requirements for
commercial transport aircraft. Major inlet systems requiring seal development and testing
include the ramp system, the bypass/ take-off system, and the inlet/ engine interface.
Engine bay cowling seal interfaces include the inlet/ cowling interface, the keel split line,
the hinge beam/ engine bay cowling, and the nozzle/ cowling interface. These seals have to
withstand supersonic flight operating temperatures and pressures with typical commercial
aircraft reliability and lives. The operating conditions and expected seal lives will be

identified for the various interfaces. Boeing's SST seal development program will also be
discussed.

NASA/CP—2006-214329/VOL2 17



‘swia)sAs Buljeas Mmoo Aeq auibua pue }a|ul 8y} S| sjuswalinbal 8say} JoaW 0} passaippe

aq 0} Buiuuibeq eale aUQ "sWa)sAs O1UOSNS JuaLIND sk Ajjiqeljal swes 8y} yim ajesado

0} speau wajsAs uoisindoid | DSH oy} ‘seinjesy Ajewoab sjqelieA pue suonipuod Bupelsado
219A8S 8loW 8y} 0} Jualayipu| Jonpoid a|gelA Ajjesiwouods ue swode(q 0} sjuswaduespe
jeaibojouyos) jueoyiubis sasnbas wajsAs uoisindoid (1 DSH) sHodsuel] A1) peadg ybiy eyl

18

NASA/CP—2006-214329/VOL2



uoIsnjouoD

(Ai01s1H) weiboid wewdojeraq eas 1SS s.buleog
M09 Aeg auibu3

18|u| paledInjig d¢

uone|jeisu] waisAg uoisindoid

BPUISY

19

NASA/CP—2006-214329/VOL2



‘uoissnosip
sIy} sepnjouod Bunjey si j0sfoid siy) yeys uopoadip pasodoid ay) welboid Juswdojersp |ees
jJua.Ind 8y} Jo julod Buileys ayy moys o} uaAlb si welboud Juswdojaasp |ess ay) Jo aAndadsiad
[eauoisiy ¥ ‘iMoo Aeq auibua sy} pue }ajul pajesinjiq [euoisuswip oM} ay) Joj pajussaeld

ale sjuswalinbai eoepsjul Buljess Aleujwigld "dwelde | DSH Y} U0 pajjejsul UMOYS SI Wa)sAs
uoisindoud auijaseq ayj Jo mainiano ue ubisap uoisindosd | DSH dU3 JO 8]eds 8y} ajelisnjji 0L

20

NASA/CP—2006-214329/VOL2



uonejiejsu| 8|j@oeN pieoqinQ 1OSH

M3IA 8plIS
= 60 €19 B

— v6 875 Vm

xog nag

1edg teay Buipm

a|joid Buim

MOIA Ueld

191u| pejenInyg Az
220N @INYD paxi4 A2

uone[eIsu] wasAS uorsindoid

21

NASA/CP—2006-214329/VOL2



"9pOoLW 8SI9Aal B pue ‘powl djuosiadns e ‘apow 8sinio

oluosqns e ‘epow yoaye} passaiddns Ajjeaiisnooe ue uj ayesado o} paubisap Buieq si wajsAs
uoisindoid sy “Buoj (398} 1.G) sayoul 1.9 1910 s| waysAs uoisindoud [jesono ay] “Buim ayj jo Jeds
Jeal 8y} 0} sayoeye Yolym jniis e 0} pajunouwl ale ajzzou pue auibus ay] ‘e|zzou ajnyo paxij pue
uejoqJN} MOJ} PaXIW $G'0/ /€ Oy} 8Je }9]ul 8y} JO Weal}s umo ‘adwelpie ay} 0} Ajjoalip pajunow
J8|ul pajealnyiq [euoisuaWIp OM} B Sapnjoul uojjejelsul waysAs uoisindoid suijeseq ualind ay |

22

NASA/CP—2006-214329/VOL2



19[u] () PAYROINJIg [BUOISUSWI( OM ],

aoepaju| sulbug 9|
wolsAg jjoaxe | /ssedAg
wolsAs dwey

swolsAg buleag jlou] @

1o[u] pYedIngIg T

23

NASA/CP—2006-214329/VOL2



‘@oepa)Ul

Jlay) je we)sAs Buijess e ainbal pue sweipie ay) 0} Ajgjeledas pajunow ase aulbue pue

1o|ul 8y "saioojaA Jaybiy Buunp yuswalinbal auibua yojew o} pJeoqaAo Jie SSedxe pas|q SIoop
ssedAq ‘si00p Joaxe} oy} se eale awes ay} uj pajeso] ‘wajsAs uoisindoid ayj ojul Jie uolippe
MoOjje 0} uado S100p JJoaYe} ‘MO SI Jelodie 8y} Jo AJO0jeA pIeMIO) 8} usym ‘sepow Buipue)

pue jjoaye) ay) Buung -ejejsuel) jsnw dwel [eussyul ay) adojgAua Jybiy oluosiedns pue ojuosqns
ay} JnoybnoJy} Juswalinbal eale Jeoly} yojew o] "eoepsiul suibus jojul 8y} pue ‘wejsAs

j09ye} /ssedAq ay) ‘waeysAs dwel ayy apnjoul Juswdojeaap [eas Buuinbai swasAs jeju| “sulbus
8y sJojue Jl |3un Moy siy} Buissaidwod Jaypuny Jonp e sa)eald pue Moy sy} sainjded |Mod 8y
"moy} Buiwoou ssaidwiod o) dwes pajedo) Ajjlesuad e sazijin }ajul pajeasnyiq jeuoisuswip oM} 8y

24

NASA/CP—2006-214329/VOL2



aoBJI9)U| |BeS /[eas

ainjesadwa} Je swi|

Buipeo Jojenoy  ainjesadwsy Bunesedo

noy uolels 1eju
IND UonElS 19|u] agl

adl

agl

dwey adl
agal

4 ‘Bep 0s¢
ellep isd ¢ -
/8L°GH +

4 ‘Bep 0/€
agl

agL
|[lemepis o} dwey

-~

uolejsuel |

~

[lemepis

|ees

wolsAg duey

19[u] paredInyIg A7

:sder) ABojouyoa |
(9210} BeIp)

: Buipeo| Joyenjoy
:sejey buipls
:90uB)sIp BuplS
:uonosyieq

:-dwey je swi|
:*dwa) el

: alnssald
:ainjesodway iy
:92ZIS

:U0I}09S SS0ID

25

NASA/CP—2006-214329/VOL2



‘s|eas abuiy dwel ayy yym adepajul 0) paubisep aq 0} 8ABY [[IM S|ESS 8S8Yj} JO SPUd

eyl ‘(eimonys Jejui 8y} Jo Juswalinbal ai| 8y} 0} Jejiwis) sinoy 00009 40 8yl Bunesado |lelano

ue ypm jybiyy oluosiadns Jo JuswuoliAue ainjeladws) pajeAs|e Ue Ul 8jelado 0} dAeY |[IM S[Eas
esay| ‘pajess aq 0} paau |jim dwes Bune|suel) ay} pue |[emapis 8y} usamjaq adeusjul 8y} smoys
ainbly SIY) SY '|MOD 8y} JO [98) puB UMOID [ejuoziioy ay} Buoje |Mod 8y} 8y} eoeusjul sdwel ay |
‘weaq poddns abps Buijies; e Aq pepoddns pue sabuiy om} Aq pajosuuod sdwed aai1yj jo dn apew
si Alquasse dwel ay} jo apis a|buls e ‘sadeys Aljowoab ajqelieA alinbal 8y} 8}epowwodde o

26

NASA/CP—2006-214329/VOL2



aoeJIolU| |ess /jees ainjeladwa} Je swi]
Buipeo] Jojenyoy  ainjesadws} BunesedQ

:sden ABojouyos |

IND auI ying ivlu| (9010 BeIp)

agl : Buipeo| Jojenjoy

 durey aaL :sajey Bupls

adl :8oue)sIp bulplis

agal :uonosjed

adgal :-dway Je swi|

@ 4 "6ep 0G€ :-dwa) [ejoN
™\ feos eyop isd ¢ -

2 dwey /BL'GE+ : ainssald

4 ‘Bep 0.¢ :ainjelodwsa} iy

dadal VAL

agl :U0I}08S SS0ID

sebuiH dwey o] dwey

woIsAS durey

1o[u] pareINgIg 17

27

NASA/CP—2006-214329/VOL2



‘s|eas |[emapis dwel ay} ypm
209Ul 0} 9ARY ||IM Spue |eas abuly dwel asay] “aul| abuly ayj Jnoqe Bunejos sdeuns e jsulebe
[eas |im sjeas asay | ‘Buijess aiinbal osfe |im sabuly sy} pue sdwel ay} ueamjaq sedepajul 8y |

28

NASA/CP—2006-214329/VOL2



2orIolU| [e8S /|ees ainjeladwsey e awi|
Buipeo| Jojenjoy  ainjesadws) Buneiado

:sden ABojouyos |
weag Joddng M3IA UEld (92104 BEIP)
abp3 Buljres L ag.l : Buipeo| Jojenjoy
leog agl :sejey bBuipls
agl :80ue)sIp Buiplis
adl :uonosleg
= . agl dwe) e swiL
4 ‘Bep 0G¢ :"dwsy [ele|y
ejjep Isd ¢ -

/8L°GI + : ainssald
dwey 4 'Bbep 0/¢ :ainjeladwa) iy
|joodg suibu3g aglL :9ZIS
agl :U0I109S SS01)

weeg Loddns o] ebp3 buijiel dwey

wAIsAS durey]

191U paredIngig (¢

29

NASA/CP—2006-214329/VOL2



‘s|eas |[emapis dwel sy} yim adepsjul 0} 9AY |[IM Spus [eas asay) uleby ‘wajsAs Buljess
e asinbay os|e |Im aoepaul Sy "weaq poddns sy} Jo aoepns ey} Buoje eje|suel) 0} sis|j0s pue
syoel} yum papinb aq |im sdwel ye sy “sdwes ayj no 8sojo ||im wesq poddns abpe buijies} v

30

NASA/CP—2006-214329/VOL2



M3IA 9pIS $18UJ00) [B9S ainjesedwe) je swi|

agl
adt
adl

/
eos—/

dagl
dagl

MSIA Ue|d agl

adlL

yZa

4 ‘Bep 028

uoneinfbyuo)
— ssedAg asl
dadal

(1ua.ing) - 100 ssedAg

WoISAS JJoaye], /ssedAgq

Jouf paredanild dc¢

uonosyyep eAneley  aJnjesadwe) Bunelsedo

:sder) ABojouyos |
(@210} BeIP)

: Buipeo| Jojenioy
:sajey buipis
:90ue)sIp BulplS
:uonosyeq

:dwey je swi|
:*dwa) [ela

:e4nssald
:ainjeladwa) Ay
:9ZIS

:U0I}08S SS04D)

31

NASA/CP—2006-214329/VOL2



‘|ees ay) Buissaidwoo 10} pug| jews e smoys ubisep juaiind ay |

‘Alquiesse Jad sjeas Jeinbuejoal aaiy) Bulinbal ‘@ouasspunolio s 100p yoes punole psjess aq 0}
paau ||Im Joop 88y} 8s8yj) Pasojo UBYA\ "JIe JO MOJLSAO J081100 8y} ulejulew O} pa|joAuod AjAioe
Apuauino ale sioop ssedAq ay] "pJe0gIaA0 MO|} SSBOX8 MO|[e 0} pieMINO 8}ejol Jel} SI00p JBANO|
98y} JO S}SISU0D ajquiasse Joop ssedAq Jusund syl ‘|MOD ay} JO SapIs |eSIUSA 8y} JO Ljog Uo Jajul
8y} JO UOKOBS JBSNYIP OIUOSNS By} Ul pajeodo| saljquiasse Joop ssedAq om} JO S)sisuoD jajul yoeg

32

NASA/CP—2006-214329/VOL2



M3IA 8pIS

i

/
_mmm|\

MOIA Ueld

uoneinbiyuo)

ﬁvjy\ly_

_mmwl\

(Juatina) - 100 Jjo-8)e |

WSAS JJjooye ], /ssedAgq

Joruy pajedingid d¢

sJaulo) [ees
uonoa|}ep SAle|eY

adl
agl
agl
agl
agl
aga.L
ag.L
agL
4 6ep 0.€
agL
agl

ainjesodwa) je swl]
ainyesadwe) Buneiadp

:sden) ABojouyos |
(9210y BeIP)

: Buipeo) Jojenjoy
:sajey buiplls
:a0ue)sIp Buipls
:uonos|ieq

dwey je swi|
dwayl ;1o

:ainssoid
:ainjeladwa) Ay
:9ZIS

:U0I}08S SS01D

33

NASA/CP—2006-214329/VOL2



“Je|nBuejoal 8q os|e ||IM sjess Joop yoaye) ay| ‘Bujess Joj pue| e
pue 100p 8y} 4o} ,dojs piey, e 1o} SMOjje ubisap JOOp B UIY}iMm JOOp 8] "90USIJWNDII0 8y} punole
uiebe ‘pajess pue pasojd ale SI00p oy} ‘ainssald jeussixa ay} ueyy Jaybiy si ainssaid Jasnyip sy}

UaYA\ ‘einssaid o1je)s [euIS)Xa BY) UeY) SSI| S| JosnyIp ay) apisul ainssaid oness sy} uaym Ajuo
uado [im pue Buijeoy aJe s1o0op 8say] “Joop e ulypm Joop e Buneasd ‘sioop ssedAq ayj uiyum
pasnoy aq ||IM s1oop 8say] ‘Ajquiesse Jad SI00p 81y} JO S)SISUOD OS|e Wa)sAs Joop Joaxe) 8y |

34

NASA/CP—2006-214329/VOL2



[ess

aoeng Buiess pieH ON

slauio) [eas ainjeladwa} je awi]
uonosyep eAlejey  ainjeledws) Bunesedo
- dojs pJeH oN - :sdex) ABojouyos |

(@2.10y BeIP)
aglL : Buipeo| Jojenoy

uoneinbiyuo)

M8IA 8pIS yossfe] agl 'sejey BuIpliS
\ agl :o0ue)sip Bulpls
adal -:uonosjjed
agl :-dwey je sawi|
adaL :dwsy [ele|y
uonesnbyuon dadalL
ssedig ag.l :2Inssald
4 '‘Bap 028 :aJnyesodway 1y
aglL 9ZIS
agl :U0I}08S SS0ID

(uoido) - 100 Jjo-oxe ] /SsedAg

wWSAS Jjoaye], /ssedAg

jo[u] paeoInyIg AT

35

NASA/CP—2006-214329/VOL2



‘ubisap juaiind ayj se Ajjiqe|jouod

pue souewiopad abeyes| awes ayj asinbal |ips pjnom jdeouos siy ‘ubisep sojdwis e Buleq

SlIYM ‘pue] |eas aAIssaldwod e aAey jJou Os|e pjnom j| “Joop 8y} buieoo) Joj dojs piey e aAey
jJ0u pjnom uBisep siy] ‘suoneinbiuod yoaye) pue ssedAq ay} Yyjoq 1oy J0op Pajjouod AjpAjoe
auo saziin ubisap siy| "pasodoid usaq sey ubisap Joop jjoaye) /ssedAq pajelbajul sjeussie uy

36

NASA/CP—2006-214329/VOL2



auibug feu| - uonosleP BAlEIEY

goelIBlU| [BaS Joju] Jaybi4 |eoidA |

V/N
obue|4 piemio4 suibug aglL
dgl
agl
ddgal
dgal
dgal
adal
[eas 19)uj 4 ‘bap 0/¢

adl
dadl

18SnyIg a1uosqns

Q0BJIU] UISUH /19TU]

1o[U] pajedinyig ¢

:sden) ABojouyos |
(2040} BeIp)

: Buipeo| Jojenjoy
:sajey bulplis
:oue)sIp Buipls
:uonosyjeg

dwey je swi |
dwa) [ela

:ainssald
:ainjesodwa) Jiy
19Z1S

:U0J}08S SS01D

37

NASA/CP—2006-214329/VOL2



‘'sapnjiubew Jab.ie| 8as p|noys uole|jejsul

pieogino ayl "auibus pue ja|ul pJeoqui 8y} usamiaq sayoul Z0'0 JO UOIOW [edBA pue sayoul
g°0 JO uonow |eixe aAljejal e 11paid sjgpowl Juswaje ayul Aeujwield “Ajgjesedas pajunow

ale yoiym auibua ay} pue ja|ul YY) UsamM}aq UOIIOW dAlje|al Juedliubis UM |esas e ulejuiew |jim
uoneoldde | DSH @y} 4o} palinbal |ess ay] “eoepsul eSS J9|ul Jajybi |eoidA) e jo sjdwexs ue s|
UMOUS 8oepajul 8] "8deua)ul sulbusa /a|jul pajeoo)] sI alay Passnosip WaIsAs |eas Jajul [eul ay |

38

NASA/CP—2006-214329/VOL2



Buiimon o|zzoN
weag abuiH
auI H|dS [e9)
IMOD BV 191U]
swajsAg buleag Aeg oulbug e

[M0)) Aeg QUISUH

39

NASA/CP—2006-214329/VOL2



"g0BI8jUI MOD 8|2Z0U 8y} pue ‘weaq abuly sy} ‘aul| Ji|ds (9o
ay) ‘eoeB)UI |MOD e 19Ul 8y} Je Buljeas aiinbai [im Buimod Aeq suibus ey) 8ok} sulbus ay) e

uaye) moy Jojul Auewnd ayy woyy st Jie siyl "pesjq SOJ |00 0} pasn

e Buimoyy @844 ulejuod [im Aeq auibue | DSH 8yl "eoueusjulew Joj sulbud sy} 0} SS80E SMOjje
Buimod Aeq suibus ay) “uopisod pasoo e ui Bulmod ay) ainoes o} sBulmod sy} Jo wonoq ay} je
pajeoo] ale seyoje] ‘weaq abuly e jo Aem Aq Jnijs 8y} 0) payoeye aie S|Mod omj 8y sulbus ay)
punose Buuie; oIWBUAPOISE B} SWOY )| “INJIS 8y} JO JJO pajunow aq im Bulmod Aeq sulbus ay |

40

NASA/CP—2006-214329/VOL2



mo) Aeg auibu3 feju| - uonos|iep aAleley
ainesadwse) je swi]  ainesadws) Bunesado

onels
onels
onels
agl

adlL

agl

adl

4 ‘Bep 0/€
agL

agl

soeleu|
IMOD HV 18|U]

[M0D) YV I9TU]

[MO0)) Aeg QuUISUH

:sden) ABojouyos |
(8240} Belp)

: Buipeo| Jojenjoy
:sejey bBuipls
:90ue)sIp Buipls
:uonosyieq

dwey je awi |
dwa) [elo N
:2Inssald
:ainjelodwse} sy
:9ZI1S

:U0I11098S SS0ID

41

NASA/CP—2006-214329/VOL2



‘sjoued

12l S 8y} Ul Juasayul AJjIgixajl 8y} pue Bulimod ay} Jo JoUa)Xa 8y} uo palinbal SINoUod oJoe
W61 ay} Aq pajeoijdwos alow apew s| aoepalul siy} Buljeag ‘Buymod Aeq suibus sy} pue jo|ul
By} usamjaq uonoa|jop aAllejal JuedLIUDIS 8)EPOWILIOOO. 0} Pasu ||IM |eas Siy] ‘|Mo9d Aeq auibus
8U} pue |MOD Ye }o|ul 8y} usamiaq s|eas |Mod Aeq auibua ay} J0j UMOYS W)SAS [eas Jsily oy |

42

NASA/CP—2006-214329/VOL2



(weag yore) alnjeladwa] Je awi|

:_Qm EE) ainjesadwaey} Bunesadp
V\! :sden) ABojouyoa |
(2040} BeIP)
onels : Buipeo| Jojenjoy
onels :sejey Buipls
onels -aoue)sIp bulplis
agl :uonos|eg
adgl :dwsa) 1e swi ]
adal rdws) [eleN
agal
aglL :ainssalid
4 ‘68p 0/¢ :ainjeladway} Iy
agl 9ZIS
agl :U0I}08S SS0ID

our yds 1903

[M0)) Avg QuISUH

43

NASA/CP—2006-214329/VOL2



‘sjuswalInbal ainjesedwae) pajeAs|e ay) 1oy Jdeoxs s|eas Weaq Yyoye| 21uosgns jualind
0} Jejiuis g pINoys [ees siy| "uopisod paso|d 8y} Ul Pajeas aq 0} paau [|im aul| Jids [98) 8y L

44

NASA/CP—2006-214329/VOL2



ainjeladwa] je swi]
ainjeladwe) Bunelrado

:sdex) ABojouyoe |

(2040} BeIP)

onels : Buipeoy| 101enjoy
onels :sejey Buipl|s
onels :90ue)SIp Bulplis
agl :uonoaleg
adgl -"dwe) je swi|
agl :'dwsey [elo\
aglL einssald
4 ‘6ep 0/€ :aineladway Jiy
adal 19z
agl :U01}08S SS01)

weag J3UIY

[M0)) Aeg auIsuy

45

NASA/CP—2006-214329/VOL2



‘sjuewalinbays ainjeladwa) pajensie ay} o) }Jdeoxa sjeas weaq abuly 21uosqgns Juaiind
0} Jejiwis aq pinoys |ess siyy uleby “uonisod pasolo ay} ul Bujjess salinbas osje weeq abuly ay L

46

NASA/CP—2006-214329/VOL2



ainjeladwsa] je awi]
aineladwsa) Bunesadp

:sder) ABojouyoa |

(2010} BeIp)

oneIs : Buipeo] J0jenjoy

adep8u| onels :sejey Buipi|s
IMOD 9|ZZON anels :@0ue)sIp Buipls
ag.L :uonoapeq

agl :dwsay 1e swi]

ad.L rdwe) el

ag.l :ainssalid

4 ‘bap 0/€ :alnjeladwaeyl Jiy

adl 9ZIS

agl :U0I109S SS0ID

3urmMo)) 9[ZZON

3urpmo)) Aeg aursuyg

47

NASA/CP—2006-214329/VOL2



"8]zzou 8y} 0} Aywixold syl 0}
anp sainjesadwsa) Jaybiy Ajuesyiubis puejsy)im o} pasu ||Im Wa)sAs [eas SIy| SINOJU0d olee bl
Buluiejuiew sjiym ajzzou ay) pue Bulimod ay) usamiaq sjuswade|dsip abie| Alie) 8jepowoode 0}

paau |Im |eas siy| “wa)sAs Buljess e alinbal |im aoepsiul Bulmod ajzzou /Aeq auibus ay) Ajjeul

48

NASA/CP—2006-214329/VOL2



oo e o - . !
. v NN s . .
1 B N AU . 5 .

<0 OUMWEHOSE TYIRCHEVENIC o>

Ra g o B Ohtlaol & SR

y

s RO 5
ASMIITQ DINOSANE:—~

Oy 1150 e

L—

B

s A R R R

Apoqrayua)) Sunefsuel], uorssarduwro) pPaxIN

yuowrdoraad( 189S LSS

49

NASA/CP—2006-214329/VOL2



‘uBisep jua.iIno ayj 1oy Juiod Bunels e se pasn Buiaq si welboid | SS 8y} wouy paseyieb

ejep siy} ‘19jul gaz 8yj Jo asoy) uey) Juasayip Ajueoyiubis ase ubisap siyj 10) Juswalinbal

Buljess ay} o)y 'sjeas pasodoud jo adAj [eiauab sy} pue sjess SnoleA JOo UoHEJO| 8y} SMOYS
ainby siyl suoibal pasiq ainssaid ybiy pue ainssaid mo| snoueA pey os|e }| "Jeoly} 8y} [04U0D
0} ApoqJajuad Bune|suel) e pasn jajul Aljawoab a|qeuea siyy 1ejul Apoquajua) bBunejsues |
uoissaidwo) paxipy e sem jajul asodoud ay} ‘wesboud yjuswdojaasp | SS Jeutbuo s buisog Buung

50

NASA/CP—2006-214329/VOL2



4°6epG/- ® OLt

4 ‘Bep 005 ® 005

4 ‘Bep 02 ® 005

4 ‘Bep G- ® seyoul 001 |
4 ‘Bep 005 ® s8YoUI 000°S
4 ‘Bep 02 ® s8youl 000°S

seyoul 8102’0 ‘60°0 ‘90°0 ‘€0°0 ‘00°0
seyoul 60°0 ‘90°0 ‘€0°0 ‘10°0 ‘200°0

4 ‘Bep 005 ‘4 ‘Bap G/- ‘slquy
eiIsdGg0-G1¢e

eisd G - G¢

3unsay,

(esojo yuado /as0|0)
;809|040 uoissaidwo)

(eoas youi G)

;|JeAel] JO sayaou|
uoneinq bunse| e

:uoissaldwo) [ess

:der) |eag

:dwa| JIy 19|U] |[eeS

:alnssald 1Ix3 |ees

:04nssald d9)eju| [eas
suonlipuoH 1sa| ©

uowdoraAd(  182S LSS

51

NASA/CP—2006-214329/VOL2



‘souewlopad sjeas ay} pajosye

soj0Ao pue Jeam moy je payoo) ose weiboid ay] uoissaidwod pue ‘deb |ess ‘ainjesadws)
‘ainssaid pauen juswdojeAasp 1SS 8yl weiboud )sa) |eas J8jul 1 DSH 9y} o) pasinbal suonipuod
ay} o} Jejiwis aq [pm welboid juswdojaasp | SS SU} Joj pasn UOHIPUOD }$8) 8y} ‘Uolippe U]

52

NASA/CP—2006-214329/VOL2



ss
205 \_rasthions | LISZ -INI-d

572/ VLS [TaASUH — svoLeINAIva )

e

S 2eF.wnu3w._um.ﬂ»xt\
N oo

-ostoivaQ \WJI@;NMJ\%\IRJQ NOVLIZ U
.. N Mo 30,

57/ 2t S g7 FEeLd - SH eI dpRO ..\:c.U wwIT iu ._<Zu~ A

YA

- et e T

M|

B

239909 #S-/SWF

Sompry 2 NS 45-15WT

€ - , 2-

NIOUNY $S-1SWD

|-
Tl i -
E— =0 —
V.Mmzuu cobX ONWILSWAKZ »
<oy s

\ \::,im
DFARF AS- Swg v3750 COOM JVrd 19 ST

Syt

SRR e e St R A

rreng =0
yoild LILARIT

ovraes 90 \N\M 28253/

Svaus 80y X5t Id MOV

&‘

@All

/240> Srwro)ioTSIL

=

I‘AI

IPAOD Qb X TV USEIND

YA F70I S wiz St | (KUY 3762 WSIW Vi7 sz

(-
_M.“&All

2LPNC D SEVTYINOVIRY
sweD HsyW Vi rs°

s

(=
/m.. <

N
Ly2APZ ogpy ONTLWIND Ny
Fre> ussw vee7 €/
< - 2= -

(G

NG pay xapil VIO

R RS R TR

(x3s310)

7 u.»é$

A110W1091) - SUOTIRINGIJUO)) [BIS PAISA,

yuordoaAa(J 189S LSS

53

NASA/CP—2006-214329/VOL2



-ubisep Buieq j1e|ul g0 @Y} 0} oy1oads ae weiboid siy} ul e payoo| seljewoab uo)oes SsoId ay |

54

NASA/CP—2006-214329/VOL2



am,_auoamz - suoneIN3IFuo)) [eaS paIsaL

19q9ny +S-1 SING
ebuodsg #G-| SING

(xes@\) ©100 ysaw [aUo\

18A00) sSe|L) Juojje]
19A0D) 0¥ X puesIsway)

duis any 12ds ledsep
»o0|g any XO0€ld UIpPIeIN
duis gny XSG kd UIpleiN

(1e8yg) ssa1) /-1 1

juowrdoroAd( ISS

55

NASA/CP—2006-214329/VOL2



‘palayieb aq |m swesboid gL g pue ‘gLd ‘Gl 9y} ‘yuswdojersp
191Ul DAA @yl wouy eousuiedxy “weiboid Juswdojeasp [eas Jojul gaz aui 10} pajenieas |im adeys
[BUONOSS SSOID pUB S|eldjew mau yjog °pajep os|e ale weiboid | SS 8y} 10) pasn sjelsie|y

56

NASA/CP—2006-214329/VOL2



-ubisep 18|ul yoedwi Apueoiiubis
pjnom walsAg looQ Jjo-axe] /ssedAg Joj ubisep |ess aAljeAroul| @

"suolnos|jep aoeuslul Bulieas auyap 0}
subisa( [eaiueyosy |MoD Aeg suibu3 3 19]U] YIM YIOM

"sjuswiaiinbal 8210} uolen}oe ajela)l 0} [04U0D 18Ul YUM YIOA
S90104 B Sajey Ma|S uonenloy dwey - 9°¢°| jsel HSH
aousladx3g 814 % ‘SL4 “MOM [ees 18|u] DAA Slesodiodu]
sad.l eui uljiid

(G LL'E" 1 MSel HSH) ¢8lay wolj ob am op aleyp, @

uoIsnOuo))

57

NASA/CP—2006-214329/VOL2



"S@0B8)UI 8]ZZOU pue }8|ul /Aeq auibus ay} Joj palinbai aq |m subisep |ess

aAeaouu| -ubisep Aeq auibus pue ja|ul 8y} jo ped jueoyiubis e aie swa)sAs Buless ‘sweiboid
Aeyjiw ajqissasoe Ajjuadal wolj suosss| pue sjdeouod Jayjeb 0} aq |[Im XSE) SIY} JO BA8[q0

IXeu ay| , Saulwisep aq 0}, 8Yj JO |[e Ul ||} 0} 8] |iim Joefoud siy3 jo [eob jeul sy “welboud
wswdojansp |ess iMoo Aeq auibua pue jo|ul 8y} jo snjejs Aseujwijaid ay} smoys uonejussaid ey

58

NASA/CP—2006-214329/VOL2



HSCT ANTICIPATED SEAL NEEDS TURBOMACHINERY SEALS COMBUSTOR SEALS

John Henfry
 General Electric Co.
‘ Cincinnati, Ohio

The High Speed Civil Transport (HSCT) engine concept is a large mixed flow turbofan similar in
construction to current military fighter engmes The mission; however, is quite different. The engme
will operate for long periods of time at very hlgh Mach numbers and high altitudes. The engine is
required to have very low emissions and noise levels to be acceptable in commercial service. The
engine will be very large. Current thrust levels are in the 55000 Ib range. At the current supercruise
speed requirement of Mach 2.4, the Engine inlet temperature will be at least 380 degrees’F . This is the
lowest cycle temperature expected anywhere in the propulsion system. Seals will be expected to
operate at this temperature and higher for thousands of hours without failure. Durability , cost, and

weight wﬂ} all be very important in dﬁte:rrmnmg the type of seals selected for a successful HSCT
engme o . :

The next phase of the High Speed Rcsearch (HSR) program will be a technology demonstration of a full
scale demonstrator engine scheduled to test in 2005. This is a joint effort between NASA, Pratt
&thmcy, and General Electric. The ground test will be full size and incorporate as much of the
HSCT needed technology as possible at that time. The test will demonstrate noise, emissions,
durability, as well as the manufacturing capablhty to make an HSCT of advanced materials.

Wexght wﬂl be very expenswe in an HSCT due to the cost of fuel to go Mach 2.4. The weight of the
seals will be assessed at a cost about an order of magnitude higher than current subsonic aircraft
engines. Temperamres in the aft sumps pressurized with fan discharge air will be at current sealing
material temperature limits. Pressures and speeds will be about conventional for current subsonic
engines. Engine fluids to be sealed will be commercxal current fleet standards, but the proposed high
pressure hyﬁrauhc fluid(PFPAE) is new t:o the ﬂeet

Based on wezght conmderatmns, the engmes and nazzle accessories will not be contamed in an
environmental pod as in the past on the GE4 and J93 supersomc engines. This means that the
accessories (and electronics) will be required to survive in a temperature environment of 380 to 500
degrees}: for very long times. This will be a severe test for the actuator and component fluid seals. The
low noise exhaust nozzle will require several high pressure hydraulic actuators for the complex noise
suppressmn and thrust reverse systems for the commercxai HSCT.

The HSCT will fly at an altitude that reqmres that NOx be about 85% less than current combustors.

One of the requirements for alow NOx combustor is that cooling air to the combustion liners be reduced
to aminimum. This may require the development of a seal similar to the spline seals currently used in
turbines for the combustion liner segments to limit parasitic leakage. Another option under study is a
ceramic combustion liner. In this case, a seal needs to be developed that is compatible with a metallic
dome and thh a ceramic liner at very hxgh temperatures and }ast a long time for the HSCT mission.
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SEAL DEVELOPMENT FOR THE HSCT COMBUSTOR

David C. Jarmon
United Technologies Research Center
East Hartford, Connecticut

The combustor section of the High Speed Civil Transport (HSCT) requires high
temperature seals to minimize leakage between CMC components. The temperature
requirements range from 1500°F to 2100°F and the compression requirements range from
10% to 50% . Three distinctly different Nextel braided seals have been developed to seal
areas such as the bulkhead heatshields and lean zone outer liner. The seals range from
0.10"” dia. rope to triangular braid with 1” sides. The development of these seals is the
result of a collaborative effort between Pratt & Whitney, FTS Inc., Techniweave Inc. and
United Technologies Research Center.

The specific requirements in terms of temperature, sealing and compression at
various combustor locations will be presented. The architectures of braided Nextel seals
developed to meet these requirements will be described and microstructures will be
shown. Compression and sealing data will be related to the application for the various
seals. Selected seals have metal wires incorporated into the architecture to enable brazing
to the metallic superstructure. The results of brazing trials on these seals will be
discussed.
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The combustor section of the High Speed Civil Transport (HSCT) requires high -
temperature seals to minimize leakage between CMC components and the metal support
structure. The approach to developing seals has been to build upon the Nextel braided
seal work at NASA Lewis under the direction of Bruce Steinetz. A team consisting of the
following companies has been working on combustor seals during 1997: Pratt & Whitney
(technical direction & brazing), United Technologies Research Center (task management
and benchmark testing), FTS, Inc. (analysis & modeling), Stress Engineering Services
(flow requirements), and Techniweave Inc. (seal fabrication). To date, this team has
defined the basic seal requirements, obtained seals, and benchmark tested these woven
seals. The development has focused on the Rich Zone-Quench-Lean Zone (RQL)

combustor design with the near-term task of providing seals for a NASA RQL sector rig
test.

The RQL sector rig requires three types of Nextel braided seals. First, a triangular
braid seal composed of Nextel 720 will seal between the liners in the lean zone outer
liner. The sealing requirements in this area are low; however, the temperature
requirements are high (2400°F). The triangular braid seals experience low compression
and act mainly as a heat shield for the metal support structure. Second, Nextel 720 rope
seals with a diameter of 0.080” are needed along the edges of the lean transition inner
liner. These seals are expected to get compressed approximately 20% and be exposed to -
temperatures up to 0 2100°F. Third, Nextel 550 rope seals with a diameter of 0.100” are
required for the bulkhead heatshield, sidewalls, and in the metal retention grooves of the
lean zone outer liner. These seals may experience compressions of up to 50%.

The remainder of the discussion will focus on the rope seals since they present the
most significant development challenge. The rope seals must be able to balance
compression requirements with permeability requirements. In other words, the seals must
minimize gas leakage while being able to be compressed with low force. The 0.100”
diameter rope seals in the lean zone outer liner will be compressed 70% at room
temperature and to 50% at 2200°F. In addition, one side of rope seals need to be able to
seal against the rough surface of the SiC/SiC composite, while the other side is bonded to
the metal support structure.

Bonding of the rope seals to the metal support structure is required for assembly and
positioning. This bonding is accomplished by incorporating longitudinal metal wires

NASA/CP—2006-214329/VOL2 88



along one side and brazing these wires to the support structure. Techniweave, Inc. has |
successfully woven Inconel 600 wire into the rope seals, and Pratt & Whitney has
successfully brazed these seals to Inconel 625 panels using a vacuum furnace. The
Inconel wire must be exposed on the surface of the rope seal for a good braze bond to be
obtained. Techniweave also developed procedures for incorporating colored tracer fiber
on the opposite side of the brazed wires to facilitate positioning for brazing.

Based on Pratt & Whitney’s requirements, Techniweave has woven eleven variations
of the 0.100” diameter rope seal. The rope seal consists of an inner core of unidirectional
fibers and an outer region of over-braid. The unidirectional core has low permeability
and the outer over-braid provides compressibility while holding the seal together. In
order to produce a highly compressible weave, the unidirectional core was completely left
out of rope seal #9. The various weaves were compression tested and flow tested at
UTRC. The compression testing involved compressing the 0.100” diameter seal to
0.080”, 0.070”, 0.060” and 0.050”. Three loading repetitions were performed at each
compression distance, and a virgin section of braid was used at each distance. Several of
the early rope seals required in excess of 900 b per inch to be compressed 50%, which
was unacceptably high for the lean zone outer liner. The hollow core rope seal (#9)
required only 31 Ib per inch to compress 50%, with only a 0.021” permanent set after
three compression cycles.

Flow testing was performed by compressing a circular section of rope seal to the
desired thickness between two metal plates. The rope seal ends were joined with RTV
sealant in order to insure that the gas flow was within the rope seal. The gas flow was
increased in the flow test fixture until the desired gas pressure was achieved and held (1
to 10 psi). The gas flow required to maintain a constant pressure was recorded. Using
this procedure, the leakage rate as a function of gas pressure and percent compression was
measured for several of the rope seals. At 2 psi and 50% compression, the hollow core
rope seal #9 had a leakage rate of 0.045 SCFM / in. The analysis is in process to
determine the acceptable level of leakage for the various locations in the sector rig.
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Lean Zone Outer Liner
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Braided rope seal
(Nextel 550)

Braided triangular
seal (Nextel 720)
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HSCT EXHAUST SYSTEM ANTICIPATED SEAL NEEDS

HSCT Exhaust System

Larry Vacek
General Electric
Cincinnati, Ohio

Anticipated Regions Requiring Seals
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Throat A 8

A B W -

Secondary Inlet Door
Transition Duct
Actuator Linkage
Mixer

Convergent Flap
Convergent Disk

1 Divergent Flap
12 Divergent Disk

El 10 Conver./Diver. Flap Hinge

13 Outer Flap Hinge

5B |0

Take-off
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