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FOREWORD

This report describes the work performed by the Pratt & Whitney Group, Government Products

Division of United Technolog ies CorporatiOfl~ West Palm Beach , Florida 33402, under U.S. Air

Force Contract number F33615.78-C-2022. This is a final report covering all program efforts.

The Government Technical Manager for this period was Mr. C. W. Lirod of the Air Force Aero

Propulsion Laboratory WPAFB (Telephone 513-255-212 1) who provided the technical direction for

the Air Force portion of the program.

The project was coordinated at Pratt & Whitney Aircraft under the direction of Dr. E. J.

Kawecki . program manager. Appreciation is extended to the many design personnd for their

assistance on this program and to E. M. Beverly, M. J. Wallace and J. R. Miner for their engine

knowledge and advisory support.
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INTR ODU C TION

1.1 INTRODUCTION

Effective gas path sealing is a fundamenta l  and cont inu ing  problem in aircraft  gas turbine
eng ines. The trend to hi gher cycle pressures and temperatures in ad~ anced eng ines and concern over
ever decreasing petroleum supplies make the efficienc y improvements resul t ing  from better sealing
a signif icant  factor in fu tu re  eng ine designs.

These improvements must , h ow ever . he balanced against  the inherent  increased comp lexi ty .
cost , and weight of improved sealing s~stems to ensure that  m a x i m u m  net sy stem benefit  is
achieved.

1.2 STATEMENT OF THE PROBLEM

Clearances between rotating and stationary elements in the primary gas path are detrimental to
eng ine performance (TSFC , TIT and surge) in the range presently encountered. To reduce this
penalty the engines are designed to minimize the clearances at critical operating conditions.

Si gnificant dimensional changes are encountered however , in both the rotating and static
components during engine operation. Centrifugal loading, temperature changes and maneuver or
landing loads all result in dimensional changes or defiections which are generally large in compari-
son with desired running clearances.

The clearance~ can be set as desired at only one operating point in a conventional passive
design - In such a desi gn engine durability requires that they be set to minimize any antici pated rub
at the most severe fli ght point encountered. Typ ica21~’ this poin t occurs during a mission transient
takeoff , combat , or maneuver), which results in clearances being larger than desired during the

remaining portions of the fli ght. The need for improved clearance control arises because the overall
mission efficiency is generally weakly dependent on clearances at the most severe flight point and is
s t rong ly dependent on the unavoidably open clearances at the less severe points (cruise).

The problem is to develop more responsive clearance control throughout the fli ght envelope
resulting in maintaining the clearances at their optimum level during those portions of the mission
where efficiency is important. To accomplish this it is necessary to desi gn and contro l the relat ive
positions of adjacent rotating and static parts of sealing systems on important components of the
engine. Because of the dynamic nature of the gas turbine engine , A tive Clearance Control (ACC) is
a promising method of accomplishing this.

Improvements in clearance control can be of the passive or active type. Passive control includes
features desi gned to better match the rotor and stator growth throughout the mission. When this
approach is used , however , the desired clearance can still only be set at one and only one mission
point. Clearances at other points can be reduced through the use of materials with low coefficients
of thermal expansion by using vane tied configurations and by tailoring internal cooling, for
example. These systems cannot , however , be used to independently set a desired clearance.

ACC encompasses all techniques where the clearances can be independently set as desired at
more than one mission point.

.
~~~ - ~~~~~~~~~~~~~~~~~~~~~~ - — - - - -



I . ’~ ()RJ ECTIV ES

‘[he oh 1e t t s  i s  of the program were to evaluate a comprehensive t tOss section of ACt ( oiii epis
,,iid est ablish a sy st e m at i c  r ank ing  procedure to determine the relative merits of ca~ h ( O~~~ t’p t . I lit
evaluation and ranking  of the ACC concepts was dependent on the type of eng ine (h i gh bypass ra t io
or low bypass rat io) ,  the aircraft , mission , f l igh t  envelope (fi ghter , transport), and the fa c to r s  ol
re l i a h i l i t ~ , ma in ta inab i l i ty ,  comp lexity, procurement cost , performance (fuel  savings )  and l if t

0 (:os t~~ .(’.C). From the resul tant  r ankings , a l imited number of concepts for each eng in e I sv
and f l i ght envelope were ri ’wmmended f or  further evaluat ion in a follow-on program.

1. -I TECHNICAL APPROACH

.~~ program flow chart o u t l i n i n g  the technical approach and key program i t ems is g iven i i i
F i~t ii  t ’ 1. .\ detailed discuss ion of each program item is discussed in the appropriat e SUI ) Sec t io r i s  of
st- ’  non 2 . “Te hr iu a l  Program . ”
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SECTION 2
TECHNICAL PROGRAM

2.1 IDENTIFICATION OF CANDIDATE CONCEPTS

A comprehensive search for ACC ideas and schemes was performed in order to generate a
comprehensive selection of ACC techni ques for evaluation in the study.

2.1.1 Comp ilation of Candidate Schemes.

Reviews of the open literature, Pratt & Whitney Aircraft Group literature , in-house brain-
storming sessions, and search of the U.S. patent archives identified 51 schemes and variat ions of
schemes desi gned to control clearances in rotating machinery. All potentially app licable schemes
were retained during this phase.

Reviews of the open literature were conducted throug h the Defense Documentation Center and
NASA Scan Literature Search services. The NASA service revealed 80 related items , of which 9 were
generally app licable to this work. These documents were primarily related to clearance measure-
ment and none were specifically concerned with devices or schemes to actively control component
blade tip clearances. The Defense Documentation search identified 58 publications in the general
area of machinery clearances. Only 3 were of interest to this contract , and all 3 of these dealt with ti p
clearance measurement. No devices or schemes to actively control component blade tip clearances
were uncovered.

A search of the U. S. Patent archives identified 33 related patents. of which the 13 listed in
Table 1 were directly app licable to this work and were considered as candidate schemes. A review of
P&WA literature and in-house brainstorming sessions identified 41 other schemes or variations.
These schemes , along with the schemes identified b’s the patent ‘earch . are listed in Table 2 and
illustrated in Figures 2 through 50. A descri ption of the operating princi ples of each scheme and
comments on the practical consequences of its application to an engine are given along with the
illustrations in Section 2. 1.2.

The number and variety of schemes uncovered presented a comprehensive selection on which
to base a representative and thoroug h evaluation of ACC for military fi ghter and transport aircraft.

2.1.2. Description of Candidate Schemes

Scheme No. I. Cantilever Stator Tip Control — Variable Stator. The cantilever stator
actuation scheme uses a lever and sync ring actuated cam at the base of the stator to change the
clearance. Rotating the stator ramp causes the stator to move radiall y inward closing the gap.

The scheme is shown in Figure 2 and requires the vane angle and clearance to be coupled, but
these are not dependent in general. Therefore , the scheme is not practica l as shown, but can be
modified for use on fixed stators as shown in Figure 3 by:

• Supplying a unison ring and many supports to prevent shroud ovalization

• Accounting for machining tolerance, wearing of bushings, etc. Ring pins
will need carbon bushings for high temperature areas

• Including extra leakage and sealing on segmented shrouds as a loss.
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TABLE I. RELATED PATENTS

“1 Title !neentor .1.c.r,gnee l) af r

~~~t~’1. 64) I (mmpressOr A ir Bleed Control Bruce N. Torell United Technologies 12 09 ‘~ti

Corporation

mt temperature Control Apparatus D.E.J. Buckinghaffl D. Napier & Son Limited 01 10 ~~
I for Turbine Cases

Variable — Clearance Shroud James Frederick Ingleson G.E. Company 01 16 ~II

S t r uc t u r e  for Gas Turbine
Engines

I I , r,~ 1 rurhine Shroud Structure W .B. Movuer G.E. Company 07 2 1 t , t

‘ 17 . f l 3  Gas Turbine Engine with Corn- Bernard L. Kolt G.E. Company 03 07 72
pressor Rotor Cooling

- 5 . 736 .751 (.as Control Apparatus John Rodney Dyson Fuller Secretars of Stare of Defense 06 05 75
in Her Majesr~’s Gost of the
United Kingdom of Great
B r i t a i n  and N o r t h e r n
Ireland

3 . 742.705 Thermal Response Shroud Perry P. Sifford United Technologies 07 03 71
for Rotating Body Corporation

~ii66 , 354 Thermal Actuated Valve for William P.. Patterson G.E. Company 06 29 76
(.lt-ararj ce Control

S ‘ 7 5 .90 1 I),’-s j, e for Regulating Turbine Claude Cristian, Societe Nationale D’Etude 08 24 76 -

Blade Tip Clearance Hailinger, L t-tay.Les.Roses er de Construction
Robert Kervistin, Melun de Moteurs D Aviation

4 .005 .946 Method and Apparatus for Bertrand Hirsc h Brown United Technologies 02 01 77
Controlling Stator Thermal Francis Louis DeTolla Corporation
Growth Dale Robert Reilly

1.0 19.320 External Gas Turbine Engine Ira H. Redinger . Jr. United Technologies 04 26 77
Cooling for Clearance David Sadowsk y Corporation
Control PhillipS. Stripinis

I.050,M43 Gas furbine Engine Peter Richard Needham Rolls Royce(197 l) 09 27 77 1
Kenneth Richard Langley Limited
Wooton - Under - Edge

1 069,662 Clearance Control for Gas Ira H. Redinger. Jr. United Technologies 01 24 78
Turbine Engine David Sadowiky Corporation

________ _________________________ 
Phillip_S._Stripinis 

__________________________ ________

-4

6 

1
_ _ _  - ~~~~~~~~~~~~~ - T ‘ - 

~~ T J x ~~~Y

~~~~~~- ~~~~~~~~~~~~~~~~~~~~~~ 

—

— 
...

~ 
_,.-_ — _-

~
_

~~~ 
— ‘

~~~~~~ 
“w ’~~~~~’~~~~~ —~~ -~~~~~~~~~~ ...1,.,,.T’~ 4 ‘~~ ‘‘ ‘~~ i ’ ’- -.-..... ---



TABLE 2. INDEX TO ACTIVE CLEARANCE CONTROL SCHEMES

.~.0 Type

— Cantileser Stator Tip Control
I A  — Canitleser Stator Tip Control
2 — Cantilevered Variable Stator wi th Separate (.drr.

— ~~~~~.. Rotor Sh~2 r  — Two Piec e Screw
I — Axial Rot or Shift — Hsdrau li

— Ax ial  Rotor Shift — One Piece S.
o — , t.i~ (as . -  Shift — Conical F lowpath
ISA — Axia l Shroud Shift — (of t ,  ai Flowpath

— Pneumati. Strap rip Shroud
— ~~t r . t p  l i p  Shr ,i, t

9 — Pneumari. rhermal Variable Tip Shroud
t O  — S. ~~~ Act uate d Variab le Tip Shroud

I IOA — Scres~ A. tuated Variable Tip Shroud. Endwall
II .— Ring [.ink Varia ble Shroud — 3 Rings
2 — Ring Link Varia ble Shroud — 2 R.-’gs

IS — Ring l ink t . * r t . *b I ’ Shroud — 2 R with Guide SIoo
I ;  — Split Hoop Variable Shroud — Muli,, .. Actuat ion
IS — Splii Hoop Variable Shroud — Two Sections
16 — Thermal Link Actuated Shroud
l ISA — Fhermal Link Astuated Shroud — Improved
17 — Bellows Ac iuated Shroud
7A — Pti ru iru~ t.. A t uatrd Shroud

18 — Bellows \ w,.t.’d Shroud and Stator (;roup
19 — Thermal — Sp l it  Case Cooling
20 — Thermal — Segmented Case Cooling
21 — Thermal — Split Case Heating and Cooling
21A — Thermal — Built-up Case Heating
22 — Thermal — Split case Heating
22.~ — Thermal — Segmented Case Heating
23 — Thermal — Bore Heating and Cooling
21 — Thermal — Bore Rim Heating
25 — Floating — Vane and Case
26 — Thermal — Electricall’, Heated Shroud
27 — Thermal — Electrically Heated Rear Compressor Seal
28 — Rear Compressor Seal — Bellows Actuated
29 — Rear Compressor Seal — Pneumatic Band Actuated
29A — Rear Compressor Seal — Band Actuated
30 — Rear Compressor Seal — Mechanical Link Actuated
31 — Thermal — External l ’, Cooled Cases
32 — Thermal — Cooled Heated Shroud Supports
33 — Cam Actuated Shroud
34 — Thermal — Externall y Cooled Case s — Air Deflector
35 — Thermal — Externally Cooled Cases — Insulated Ai r Deflector
36 — Blade T ip Erosion Compensator
37 —. Axial Rotor Shift — Conical Shroud
38 — Thermal-Heated,. Cooled Shroud — Passive
3$A — Thermal-Heated Cooled Shroud — Active
39 — Thermal-Heated. Cooled Shroud — Case
40 — Thermal-Heated Cooled Shroud/Case — with Mixing
4 1 — Thermal-Heated. Cooled Shroud Case — with Vane Bleed
42 — Externally Cooled Case — Air Deflector
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“Cam ” Bearing
Surface

~~~~~~
- Air Flow

Bel levil le
Spring

Stator Actuation
Lever

Figure 2. Scheme No. 1, Cantilever Stator Tip Control

~~~~~~~~~~~~~~~~~

Fixed Vane

Anti-R otation
Key

Acme Thds 1J
Sync Ring

CO 
— ‘

Figur e 3 . Scheme So. IA , Cantilever Stator Tip Control
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This scheme is sat isfactor y for ar i t i l evr rr-d  stators and segmented shrouded stators. f t  is
unsat isfactory for solid ring shrouds because stators annot tr ansmt the required compressive load
wi thou t  buckling.

Scheme No.2. Cantilever Stator Tip Control — Fixed Stator. The comments for scheme I
app ly, but in this configuration (Figure 4) the thread gives radial positioning instead of the cam ,
and the same unison ring actuation technique is required. 

Variable Clearance

Unison Rings

Thread

Bellev lIe
Spring

Variable A ngle
CD 171035

Figure 1. Scheme No. 2, Cantilever Variable Sta tor With Separate Cam

Schemes No. 3 through 6 involve shifting the entire rotor axiall y relative to the case. By
specifying a conical flowpath this shift results in a clearance change.

All of these schemes are mechanically complex and are not applicable to rear compressor stages
without having the compressor exit flow enter the diffuser at some angle. Losses in diffuser
efficiency must be accounted for when computing gains.

Scheme No. ~ . Axial Rotor Shift, Two Piece Screw. With this scheme (Figure 5), closing the
compressor clearance opens turbine clearance if conventional converging/diverging flowpaths are
used. Improving clearances in one component will hurt the other.

Accessories normally driven by a bevel gear supported by the main thrust bearing can no longer
I

,

, 

be positioned by this same bearing if the rotor is moved axially. A separate thrust bearing and
sliding spline is required to support the bevel gearshaft and to transmit the torque from the main
shaft. The scheme requires extra weight , cost , complexity and engine length. The engine must be
longer to allow for axial clearance between stages. Assuming 5 deg and 10 deg gas path , the
increased length is: 1.8 in. for 10 deg gas path angle and 0.025 in. clearance change, or a 3.4-in.
increase in engine length for 5 deg gas path angle and the same clearance.

Both inner and outer surfaces of the flowpath must have the same angle (opposite sign) in order
to get the same clearance change on the rotor and stator , i.e., both sides of the flowpath are
comp letely specified for clearance alone. This may not be practical since it results in less than
optimum components structurally and aerodynamically.

9
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~~~~~~~~~~~~~~~~~ st i

[

TOwer Shaft Square

/ Shaft Relative I

/ to Bevel Gear

Bear ing Support—” ~~~~~~~~~~ Spur

o ~~~~~~~~~~~~~~~~

_ _— M in tiap 

Fi gure 5. Scheme No. 3, Axial Rotor Shift , Two-piece Screw

The technique appears more app licable to the middle half stages of a compressor (or hi gh
t u r b i n e )  where the flowpath normal ly has a significant ang le and the vanes are not variable.
L i m i t i n g it to part of a component will  result in a smaller payoff , however.

The scheme can be optimized for all stages at one engine condition only. 011 desi gn operation
ill  he less efficient , and mechanical components must be strong enough to withstand surge and

maneuver loads.

Scheme No. 4. Ax ial Rotor Shift , Hydraulic. This is a variation of the axial rotor shif t
h eme . where the same comments app ly as for scheme No. 3. In addition the hydraulic system must

overcome thrust  bearing loads (see Figure 6) and a separate oil pump is needed to supp ly the hi gh
pressures required to overcome rotor tI ’rust. An oil pump must be used because fuel cannot be used
in this instance.

Scheme No. 5. Axial Rotor Shift . One Piece Screw. This scheme (Fi gure 7) is similar to
schemes No. S and 4. It requires one less moving part than scheme No. 3.

Scheme No. 6. Axial Case Shift . Conical Flowpath. Schemes No. 6 and 6A (see Figures 8 and
9~ are analogous to schemes No. 3 through 5 in that the clearance is controlled by having a sloped
flowpat h and a relative motion between the rotor and stator. Schemes No. 6 and 6A move the cases,
ss hemes No. S through 5 move the rotor.
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Sketches: Eng Length Increase (Not to Scale)

Separate

‘c— M m Gap

Increase Length/Stage
FO 167768

Figure 6. Scheme No. 4 , Axial Rotor Shift , Hydraulic

Threaded Rotatable
Bearing Retainer
(Gear Driven)

Thrust Bearing

_____ Shaft [

Spur Gear

(Suitable Drive )

=c7y ml _ _ _ _Thread
Pitch as Req for
Advance Rate

CD 171022

F igure 7. Scheme No. 5, Axial Rotor Shift , One -piece Screw
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Max Gap

Spi m e d
Actuator Surface

~ø

Figure 8. Scheme No. 6, Axial Case Shift , Conical Flowpath

~~___ 
W) th Tongue

_

~~~~~~~~~~~~~~~

U I

~~
EEECas:oInt

FO 171024

F i gut e  9. Schem e No. ft\ . Axia l  Shroud Shif t ,  Conical Flowpath

‘s he-inc N o 6i s  less omplicate d than No. 3, 4, and 5. In the flowpath shown, closing the rotor

*4.1 ~~ 
loses the stator gaps the same amount .  This only happens when the inner and outer flowpath

,~re the same. .~~ constant ID Ilowpath means tha t the cant ilevered stator gaps are unaffected

,i ‘,h t f t .  Shrouded stator pla tforms of conical ID Ilowpaths are radially misaligned an amount

~~ I ‘t he  dearanc~e hangc ’. This generates Ilowpath blockage which must be accounted for. In

t i l i l i t i o r i  s tar te r  bleed and ant i - ice  bleeds must pass through the shroud to the outer cases. Because

n * s  ann ot be pressur e sealed easi ls. a new design feature is requir ed , possibly a flextub e between

th e . i sv  and shroud t o release the air. The scheme can he used with shroud ed sta tors , but it require s

a d d i t i on a l  wal l  ~ ase ) to suppor t the moving structu r e.
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The splines only serve to locate the shrouds circumfer entia l ly while the actuator takes thrus t
loads. High torque must  be transmitted through this spline resulting in hi gh friction and large
actuation loads.

The techni que el iminates the large number  of moving parts required of schemes that actuate
one shroud at a time; i.e., no unison rings , etc. are required. It did require a change in engine length
like scheme No. 3, but unlike scheme No. 3, it does not coup le turbine clearance to compressor
clearance.

Scheme No. 6A. Axial Shroud Shift. The compressor shroud (see Figure 9) is a conical ring
that translates forward and aft. This technique uses the same princip le as scheme No. 6. but allows
each stage to be controlled independently and does not require the structural case to move. The
effect of gaps between ring and shroud stops outer rings and flowpath angle changes deteriorate
compressor performance. Sealing to reduce recirculatin g losses must  also be incorporated. Sliding
friction at hi gh temperatures , particularly at rearmost compressor stages, may be a problem.

Scheme No. 7. Mechanicall y Variable Strap Shroud. The shroud is a strap or band whose
circumferential length is controlled by an actuator ( see Fi gure 10). Reducing the circumference
reduces the clearance. The scheme is best suited to two-position operation where seal concentricity
and radial travel can be controlled by retainin g rings in the case. For intermediate operation some
method of preventing ovalization is required , possibls sloped p ins around circumference to guide
growth.

Case Section AA
Half

A

Ramp 
Seal Strip 

\

/ Spring

SIeeve .—~
” Piston Section Thru Split Case

Fi gure 10. Scheme No. 7, Pneumatic Strap Ti p Shroud

The scheme must be pressure balanced carefully and sealed against circulation leaks. This
scheme is easier to seal than segmented shrouds. Return requires outward pressure from the gas path
to open the ring. The piston area is small with respec t to ring surface area , resulting in high
actuation pressure being required to overcome area ratio. Mechanical actuation (ball and screw)
would be an improvement and may be required. Actuation of the rea r compressor stage would
require a pressure supply considerably above compressor exit pressures; thus a compressor or pump
would be required.

13
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scheme 8. M echanicall s Variab le Strap Shroud. Ba sic a lls  t h ~ he me c~~rr  F ig t i r t  I I
~i mi I a r  to ~ t hr-mr ‘so. 7 hu t  the ac tuat ion is left  undete rmined .

Slot in

~~~~~~~~~~~~~~~~~~~~ A~~uator

CD 17 10 16

Fi gure I I . S heme No . 8, Strap Ti p Shroud

A tua t l on  mi ght be hs bal l screw which would provide fast response and a large a c t u a t i n g
too e. or i t  could possibly be h ydraulicall y actuated.

Scheme No. 9. Pneumatic/Thermal Variable Tip Shrouds. The segmented shroud s move
r , i d i a l l s  in response to back pressure changes (see Figure 12) . Thermal growth may p las a signili-
( a n t  part in determining clearances. An air supply pressure s ign i f i c an t l s  above local gas path
pressure is required. Since this scheme is not a positive disp lacement type the pressure difference
must  he large enough toovercome friction. Shroud ovalization wi l l  result if some segments hang up
due to f r i c t ion.

Air ri Segments

(I

Max Gap~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

Mm Gap

CD 710 ’?

Figure 12. Scher,i e No. 9, Pneumatic. Thermal Variable Tip

I tems of concern are the leakage and sealing between segments and the axial backf low between
segment seals. The scheme is primarily two-position and is not easily modulated. Blade rubs might
be the only mech anism which can force seals out which have hung up.
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Schemes No. 10 and b A .  Screw Actuated Variable Tip Shrouds and StatorL The shrouds
and stators are moved radially with a lever arm and sync ring driven screw , as shown in Figures 13
and 14. Stage-by-stage actuation is possible. The positive displacement of this type of scheme
minimizes binding probl ems. Local punch loads on the ring cause it t o deflect inward at load points
and outward between loads , possibly inducin g ovalization or limiting clearance tr avel. Two or
more supports are required per segment. Six to eight segments are required to get 90% effective
clearance change due to the fixed arc of shroud s.

Tip Clearance 
\

—t 

Shroud

8 Threads/in.

J p.— Adjustable

______________ ~~ Support

___________  I ~ Case

FD 1 7 t O ~ 8

Figure 13. Scheme No. 10, Screw Actuated Variable Tip Shroud
Case Segments
(6 to 8 Segmts)

Seal

t—

~~~

- 

-

_______

Split Ring .~1 Lever Arm ~~ Thd)

Fi gure 14. Scheme No. 1 OA , Screw Actuated Variable Tip Shroud
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~fechani c~ l Linkage A ctua t ed Shrouds. these sh r o t t i t  positio n ing  s. h~’~~r~ use ~ t n r  rs ~.. 1

met ~.i n ica l  te ser s \ stem to position he shrouds Single and m a l t i p le .~ ‘ r u a u , r ~ n e d to the aces m d
U t  t he shr o t i d s  hs d i f fe ren t  schemes are considered. .k t  t u a t i on  at on ly  a few po ints r equ i r l ’s

1 nal design to keep shr uds from ova l iz ing  and di st or t ing.

a group t hese schemes ha se  numerous parts md mus t  at ’ l i i , I t e  t h r ough the  caSe t h u s
resu l t i ng in p otent ial  sealing leaks M anufac t u r ing  and operating toleranc es woul d d i m i n i s h  the

I r a r an i  r control ~ff ec t i s  m ess . I ~se d .m spring (as  shown iri sr he -me N o . I ~i cou ld take up sort ie- sI,m ~
i i  pr os Jr ,t dd i  iona I r e turn  force k ri i - ro ta t ion  pins are - re-c1 uired in the shr ,  mu ds of ~ hr mr~
‘i. l2 and l~ . M , mr i s  l i n k s  are required to m i n i m i z e  the non-circular  effect of ~ g mmnnirs g the
~hr~ u i s  a n t i  m i i d u l a t i n g  between stops . and s ign i f ican t  secondary leakage - may resu l t

~~i he -me - N o. 1.3 Fi gure 1 7 uses a sy nc  r ing and segmented shrouds i th  .m s ingle . t i ’ t i i , t t C , t For
~n .i~ engine . ipp l i t  .t i i on s  two actuators  would he ce -quired for r e l i a b i l i t y .  Schemes No . I I  m d  12

I- ~ i m i m s  l~ an t i  I l i n are s imi la rexcept  for the -  l inkage -  sss t e -m.  f h i .s approach is d i f ferent  from sc heme
No. I F i gur e  because i t  u ses many  actuators  in p laceofa 55- n c r ing.  Disp lacement at - : mi h point

f o n d  t he - r ing  is d i f fe ren t , and th is  requires each hel l crank to have a dif ferent  arm length for a
I n  ac t ua to r  st roke , t h i s  system would not be as re l iable  as a s snc  r ing because of th e  in r easri l

number  ut ii t uau ir s required.

I- ui ~ dis c os s io n of s he-me No. 15 (Figure 19 1 set- scheme-s No , 7 and ~ Fh i s s s s t em has
I l1 e ’ i ’ t s s a r v  i i i  uat ors.

~ he -me No 16 use -s a thermal actuator to control the  shroud position sia a l i n k  s ’~ simm srm
F ~ ure - 20 The scheme onl y require -s hea t ingand  coolingof a thermal  ac tua to r , rat her t h a n  ent i re

. t ~~~
’ is  iii si he-me-s No. 19 throug h 22. This system is not practical as s h o w n  because short . m t t u . m t o r

2 in  rn ~~i r ~ ~ a large t em per a t u re - i h . t n g r  500° F~ I i ,  get  10 iu~l~ I e a r a t i i t c o n r r i t i  \ I . i r , ’ r i , m k
- ~ icd am id  h ig h t em p er a t u r e -  sou rce m a k e - t h e -st he -me u nss  ork ah l e - .  F igure -  2 1 shoss a n i mp r i  i s u ’i1

~~~ i i i  i i  t he  s he -mrs.

Flow Path
Segments

Unison R ing

r~ 17 1013

Figure  I ~ S heme N o . I I , R ing Link  Variable shroud,  3 Rings
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\ Blade / 
J/_

Ab radable

_______ 
I 

~~~~~~~~Inks

Actuat~~~/

CD 1 7 7 0 1 4

Fi gure 16. Scheme No. 12. Ring’Link Variabl e- Shroud , 2 Rings

Actuator

Cruise Position

4 Segment s Slots

Unison Ring
- FO 171015

Figure 17. Scheme No. 13 , Ring/Link Variable Shro ud , 2 Rin gs with Guid e
Slots
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Fixed
Poin t 

Single Ring Split at
— - ~~~~~ One Point— ....

, \ “

~~~~~~~ ,~..
___Act uator

Max Gap \

Gap

Figure l8. Scheme Nc,. 14 , Sp li t  Hoop Variable Shroud , Mul t i ple Actuat ion

Two ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Mm Gap
FO 17103

Fi gure 19. Scheme No. 15 , Split Hoop Variable Shroud, Two Sections
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Figure 20. Scheme No. 16, Thermal Link Actuated Shroud
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Fi gure 21. Scheme No. l6A , Thermal Link Actuated Shroud , Improved

Scheme No. 17. Metallic Bellows. Pressuriz ing the bellows causes the shroud to deflect
inward to reduce clearances (see Figure 22). Reducing the pressur e allows gas path pressure to force
shroud s outward , opening the clearances.

This scheme requires segmented shrouds. Continuous shr ouds would require large loads and
have onl y small allowable deflections due to buckling limits. This scheme is not app licable to those
compressors which require continuous shrouds. Fatigue and rub wear oF the bellows may also cause
problems. It would not he easily modulated due to controls and feedback problems , but would be
easier to use with two-position operation where case stops would locate the shrouds. The required
pressure must be air supplied as no fuel is permitted where leakage could cause fuel to flow into the
gas path (see Figure 23). Additional hi gh pressure pumping is then required.
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Figure 22. Scheme No. 1 17 , Bellows Actuated Shroud
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I 0.020 Conica l Seal
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Fi gure 23. Scheme No. I 7A . Pneumat ic  Actuated Shroud

I’he s he-me does have a fast response and is’ mechanical ly simple. It controls blade ti p and not
sta t o r ( le -aran i- e, h owever , and has potential design and manufacturing problems where the pressure
i d  tub e s enter the bellows causing a weak and fati gue-prone joint.

Scheme ~o. 18. Bellows Actuated Stator Group. S -heme No. 18 is s imi lar  to No . 17 . hut  the
sl i r r , i i d s  are tie - ti to the stators providing control on both stator anti rotor clearances (see Figure 24).
I i i i  st . I ro r s  are segrnt ’nted to e l imina te  hoop loads.
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Figure 24. Scheme No. l8 , Bellows Actuated Shroud and Stator Group

The actuation system must account for a moment at the root caused by stator blow off load.
This would require a wide flange to distribute the load , and additional actuation force to overcome
the friction due to this moment. Tip leakages would increase due to segmented stator group end
seals , and stator shrouds are less effective structurally because of the segmenting. It is not a positive
return type and would be prone to sticking on return due to friction.

Thermal Case Cooling/Heating. Schemes No. 19 throug h 22. These schemes all operate by
heating or cooling the structural case with air. The schemes are mechanically simple, have few
moving parts (a valve), little parasitic leakage, and positive response. Their principle drawbacks are
slow response, limited magnitude of clearance control , and not being able to set stage clearances
independently from neighboring stages. Some modulation is possible by controlling the amount of
air flow or by mixing hot and cold air.

Scheme No. 19. Compressor Case Cooling — Split Cases. This scheme cools the rear
compressor stages by washing Fan duct air along the cases (see Figure 25). It only works for rear
stages where T,,,7~ — Tian is large enough. This particular scheme is designed for split case
compressors where circumferential bolt rings are absent. The presence of such rings will reduce
cooling effectiveness.

Clearance closedown will change from front to back as the temperature driver changes. The
system needs to be activated at all times during cruise and therefore has a continuous performance
penalty during operation. Good position and leakage control is possible and recirculation seals are
eliminated. There are no mechanical f i t t ing problems as with mechanical systems. The scheme may
only be feasible with cantilevered stators or stators with segmented ring shrouds since shroud
compressive loads can exceed stator buckling loads.

21

-~~~~~ - - ~r~’-- ~~~~~~~~~~~~~~~~~~~~~~ v 4-- - -..~~~7 rt~~~~
----

~~~~~~
-- 

- 

- 

~~~~~~~~~~~



i~~ ~~~~~~~~~~~~~
~~ om 

V~~ve 
_ _

Fan _______________________ 
2 Wall Case Reqd

Duct

Fi gure 25. Scheme No. 19, Thermal , Split Case Cooling

Scheme No. 20. Compressor Case Cooling — Segmented Cases. This scheme also cools the
t ases w i th  duc t air , but instead of washing the case wi th  air directly it imp inges the air on the
s t r mi (  mura l  r ings  supporting the shrouds and stators (see Figure 26). It is desi gned for segmented cases
hut  the t omments  for sp lit  case app lication (scheme No. 19> are generall y app licable.

Insu la t ion  m a y  be used to make the case and supporting r ing more responsive to cooling air by
r edu c ing the f i l m  coefficients (heat  t ransfer > on the - core air side. This con ept can he used on other

i~~ coo l i n g  -hea t ing  schemes to improve the sensi t iv i t y  of case temperatures to a given amount  of
too l ing  a i r .  Ih i s  would , of course , make the scheme more eff icient .

Scheme No. 21. Thermal Case Heating/Cooling. This scheme selects either heating
SI TOt or cooling (cruise) depending on the clearance change required (see Fi gure 27). A greater

range of control is possible because of the additional clearance change generated by both heating
a nd cooling th ~ shrouds rather than jus t  cooling as provided by schemes No. 19 and 20. Fi gure 28
shows scheme No, 2 1A Thermal Segmented Case Heating and Cooling.

Discharge
,o ~~~~~ *

Figure 26. Scheme No. 20, Thermal. Segmented Case Cooling
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CD 171007

Figure 27. Scheme No. 21 , Thermal , Split Case Heating and Cooling
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Figure 28. Scheme No. 2 1A , Thermal , Segmented Case Heating

Scheme No. 22. Thermal Case Heating. This scheme uses LPT air to heat the compressor
cases dur ing potential rub situations maintaining the cases away and avoiding a rub (see Figure 29).
The system is only activated during deceleration and therefore incurs no performance penalty
during cruise. The min imum clearance is with the control off; therefore minimum operating
clearances are set by build clearances. This may limit operating clearances.

Schemes No. 23 and 24. Bore Heating and Cooling. These schemes bleed mid stage com-
pressor air and cool or heat the compressor disk bores to control disk diameter and blade tip gap (see
Figures 30 and 31). They do not offer a large range of control and have major structural problems
caused by cooling the disks while still having rims at the adjacent gas path temperature. The
resulting bore to rim gradients severely limit low cycle fatigue (LCF) life. Heating the bores is
equally unsatisfactory because creep life is limited at the normally elevated temp eratures at which
the disks operate.
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Figure -  29. St hr mr  No. 22 , Thermal , Sp li t  Case- Heating

To Turbine Section

Valve

FO 171009

F i t ~i i r e  30. St he -me No 23 . Thermal , Bore He at ing and Cooling

FO 16 7774

Figure  31 . St h rmu No. 21 . Fherma l , Bore R i m  Heat ing r
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Scheme No. 25. Floating Vane and Case. This i s a p ass i se  ‘1 he-me- iF igure  32) where the -
bl ade tip shrouds are isolated from t ase o~aliz atio n h~ r~ ing them dir e-c tl~ to the -  bear ing  comI)art -
men t  support .  It was included to demonst ra te  t h a t  a c o m b i n a t i o n  of a r t i s t ’  and passive ss stems
mi ght be used , e a h  to tre at a different  clearanu l i m i t i n g  mechanism.

Inner
Case Centering
Support ~~~~~~~~~~ Bearing

~~~i
’:

~~~~~~ces 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~ fl~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~if fu ser

Fi gure 32. Scheme No. 25. Floating Vane and Case

Scheme No 26. Thermal-Fiectrically Heated Shroud. This thermal scheme uses a ring
shroud w i t h  imbedded electrical heaters (Fi gure 33). The heating elements are activated dur ing
ex ’pe ted pinch points and heat the shrouds , causing them to expand and increase clearances. The
system would be turned off (ox opeTated at low power) during cruise to allow clearances to close.
Power consumption would be pr in ipa lls during transients wi th  only a low level required during
steady state. There is no electrical power supp ly avai lable  to meet these requirements and develop-
ment would be a hi gh risk.  In addition , eleurical heat ing rods are unsuitable for the already
material temperature l imited tu rb ine  or the rear stages of the compressor. Allowable heating rod
temperature and m a x i m u m  al lowable  shn j d meta l t empera ture  wi l l  determine how effective the
heating rod scheme is.

Use of electrical systems tha t  are integral with major cases have a poor reliabil ity history.
Sealing from moisture is a major problem when fastner and plug are manufactured as a part of the
case. Potential vibration and shoc k breakage of wires results in low system reliability. The system is
mechanically simple, has Few parts , no moving parts and provides good clearance control. Small
manufacturing tolerance build-up, with potentially faster resp onse than case air heating and
cooling schemes is possible , but is probably not as fast as mechanical schemes.

Schemes No. 27 through 30 are app lications of schemes similar to 26, 17, 7, and 6A, to the
compressor exit seal. Consideration of ACC is given to the sea l because of the large pressure drop
and significant flow of expensive air passing through it. Evaluation of the benefits of ACC on this
seal gives a representative indication of the potential benefit of ACC on primary engine seals other
than main gas path seals.
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Fi gure 33. Scheme No. 26, Thermal , Electricall y Heated Shroud

It i s  recognized that  it  may not a lways be desirable to have the seal operate as closed as possible ,
s i n c e -  t h r u s l  balance - and other sy stem needs may require specific flow level. ACC would , h owever ,
pr ,s ide the option to adjust  su h flows.

Scheme No. 27. Rear Compressor Seal — Electrical/Thermal. Large temperature - change - s
I r e  required to generate- small clearance - change-s (30°F per 0.00 1 in. approximatels > w it h  an

.~ rr ih i~’t i i  ~ns iro nme -n t  up to 1100° R, 0.02 in.  clearance closedown would require the -  seal ha k ing  to
he 1 700° R: th is  ma~ not be practical (see Figure 34).

N o i i  t h a t  the re la t ive  radia l  positions of kn i fe  edges and the land would have to be reversed
from t h a t  shown in t h e - picture to allow land thermal growth to close clearances. The knife  edge and
lan d support s  would then have to be overhung to allow the kni fe  edges to be supported on the rotor
if hea t ing  the - shrouds is used to open the clearance. Alternatel y, the KE seals could be set t ight  at
a s se mb ls .  Heating the shrouds would then open the clearance without overhang ing the supports.

Scheme No. 28. Bellows Type Seal — See Scheme No. 17. This scheme is similar to scheme
Ni, , 17 , hu t  is app lied to the rear compressor seal (see Fi gure 35). The bellows must operate under
load .ii 1200 ° R for rear (ompressor or turbine  stages. This is beyond the l imi t  of present ma terials
iis t d a ,  springs. The scheme also requires an addit ional  high pressure pump or careful pressure
balancing to allow act ivat ion while  preventing axial cocking due to front-to-back pressure
gradient.

Labyrinth seals are generall y located at smaller diameters , thus ring seals are stiffer than ti p
shr ouds and may re quire ring segmentation.

Scheme No. 29. Rear Compressor Strap Seal. This scheme is similar to scheme No. 7 but is
applied to the rear compressor seal (Figure 36). It requires pressure balancing which may not be
possible at al l  operating conditions. The effects of extra leak passages, recirculating air , and
leakages through the required slots in the ring must be accounted for.
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FO 171030

Fi gure 34. Scheme No. 27 , Thermal , Electrically Heated Rear Compressor Seal

- - Metallic Bellows

High Pressure
Air from Pump
on Gearbox

FO 167775

Fi gure 35. Scheme Nc,. 28, Rear Compressor Sea l , Bellows Acutuated
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F i g i i r t -  31 . S he -me No. 29 , Rear ( .ompres sor Seal , Pn et im a t i  Band A :iua ;ed

Scheme No. 30. Rear Compressor Seal — Mechanicall y Actuated Ramp. This s he-me-
f i g u r e -  3 7 is  s i m i l a r  to scheme- No. 6A. It  has ~ l ong l inkage path m a k i n g  se-al a c i e - s s i h i l i t s  a

p r oh l i ’ r i i .  I ( ) I 1 - r . t r i i  b u i l d u p  may he- severe- due to m u l t i p le a rms  and l inks  requ ir ed for at t (-ss to th e
r~ r i L  . i ~ I , t  a t i d ,n .  In a d d i t i o n , t he rmals  on l inkage - s  may aus e g rowth  and a c i i r ~~ v problem s . is

we - Il  as the  51 ,1 I i  rig of a tu ar ion  tor que rod throug h the - case.

Si he -me - s  N(,. 3 1 throug h 38 are- p r i n c i p a l l s  onsidere -d for the hi gh t u r b i n e  because - of h i g h
tt ’i i ip e -rai  ure adaptabi l i t y

Scheme No. 31. Externall y Cooled Cases. The shroud support p o si t ions  ar t ’ wntrol le -d  hs
ra i ls , irui  bolt f l anges  t h a t  p ro t rude -  ou t s ide  th e - i ,ise . Fa n  a i r )  low pressure -) is b lown on to  these i , t i  Is
t o t  o r i r rol t he i r  temp era ture , and the -re -fore thei r  radial thermal growth.  In thi s  scheme- the sh ioud s
an d r a i l s  i n -  1 ompl e te  r i n gs  hut the se-al supports are segmented (Fi gure 3~~. The- design moves the -
p r i n t  ipa l shroud lu( anon stru t  lure outside of the ;ise where heap. 1)0 1, low pressure - a i r  ( an  he-
u se-t i to af fe c t  i I t t  r a r i c  e control .

I l i i ’ , is o t u c  of the  s i m p lest , most re l iab le  on off sy stems avai lable , and it has undergone some
op t i m i / a t i o n .  It  i s  c ’as~ toapp l y toa  two-stage-high turbine  since-coolant passagesareexternal to the
(ase . antI  the -  s t r u i c  t u i r a l  c o n f l i c t between u~~c- ooIed seal supports and cooled rail  l i m i t s  clearance
ra nge . Segmented supports would  gi ve- more range .

Scheme No. 32. Thermall y Cooled/Heated Shroud Supports. Scheme Nt ) . 32 is a more
advanced  ( o n c e -p t  t h a n  No. 31 in t h a t  i t  uses e i ther  hot or cool h igh  pressure compressor ai r
depending upon desired c learances. Both the shroud supports and cases (Fi gure 39> are d i r ec t l s
cooled e l i m i n a t i n g  the thermal  s t r u c t u r a l  conflict  of scheme No. 31, whi le  making  the clearanc e

l iang e -  more re sponsi vt to coo l i ng a i r -  The system should have a greater range of clearance control

28 

~‘~w’ 
—; — — —- --‘— -

~~
- 

~
.- w’u~’~ ~~~~~~~~~~~~~~~~~~ ~— — ~~~~

‘ ‘  

‘ •
~~~~~‘~~ ‘~~~~

‘ - 
~~
“

~
‘ — .— — 

—- - —



Sketches: 

Conical

Actuator

FO 171020

Fi gure 37. Scheme No. 30, Rear Compressor Seal . Mechanical Link Actuated
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FO 17102 1

Figure 38. Scheme No. 31 , Thermal , Externally Cooled Cases
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Compressor Discharge at T O .
Compressor M idstage at Cruise

FO 1677 7 6

Figure 39 Sc he-me N o . 32. Thermal .  (.~ iu led Ilea t u i l  sh r ou d  Suppor t s

F t h a n  st he-me N. . 31 . hut  .11 .t h ig her risk and greater weig ht  due to the -  heavier piping .i ri d b ee -tier
Is ~ re qu i re -c l  of h i g h  pr u s s u u n  1 ~t en i .  It f u r t h e r  (om h ine s  , is c’ and  shroud un i n g  a i r  su i p p l u t h

\ ( . ( . .  h i g h p r ’~s i u r i  a i r  i~ not ~ .i s t t ’ r i  a f t e r  ~~(. ( .  ust ’ It u s  more i ’ : u s i I ~ a dapted to s u t i ~~l t ’  s t a ge h i g h
pr ’ ssur e t u r h i u u t  In a r\s ( 1  stage high t u r h u n r .  the -  second s u a g e  sh roud  and sane (. .~~ mu st  be- rout e d
p a st nb c’ l i N t  s i . i g e  \ ( .C .  rn - s t i l l i n g  in some- po ss ib le design problems. .~ l s i . du mp p r l ’ss i i r n ’  he -h ind  t h e

t N t  ~i . i g l -o l a i~s o s t a g e t u r b i n e i s h i g h e r t h a n  for t s ing le - r a g e - w h i c h  nia~ l i m i t  liu~s u u c u l  j  su u p p l s
st ag e  t i n  )‘ ‘ ( l u  t t ’ t I  for cruise op era t ion.

Scheme No. 33. Cam Actuated Shroud. The- c am actuated s l i r n ird  rides in ang led slots  s he -re -
a u- it - c u m f e r e n t i a l  ro ta t ion  of the - cam re - stil ts in radial movement of the shroud Figure 10) I h i s
sc h emeal loss s f o rou t e r a i r  se-al cooling, hut  the -case seal isc r i t i c a l  andcam we -at - and f r i c t ion  m,iv he
a problem at high operating temperatures. Radial  position control may be lost d u e - t n  cam and r ing
mach in ing  and posit ioning tolerance and thermal growth of ac tua t ing  r ing ,  slots , and cams

Scheme No, 34. Externally Cooled Case — Air Deflector. -~~ movable air  deflec tot - is located
ad jacent to the t u r b i n e  cases. When cooling is required, the -  deflector swings out deflecting an a i r
a g a u u i s t  t h e - cas es . p rov id ingad d i t iona l coo l ing .  Th i s sche -me - i sana l ogous to No. 31 i n t h a t f andu c t
a ir is use -cl to cool cases (Fi gure I I ) .  It is less comp licated mechanical ly and is expected to  ~io less
effective or ef f ic ient  in controll ing case temperatures than scheme No. SI .  This scheme at tempts  to
overcome low fan air  cooling effective -ness on the high turbine  cases due to separation of fan air  from
the - case as ii passes the burner bul ge. The expected improvement is hampered by the additional flow
separation that  wi l l  occur at the burner case flanges. It is expected to have a small total clearance
change range , slow response , and be primarily an on-off scheme.

Scheme No. 35. Externally Cooled Case — Insulation /Air Deflector. Insulation is mounted
to swing away from the case diverting fan air onto the case when cooling is required , or he clasped
t igh t ly  against the case , insula t ing  it from the fan air when a hotter structure (larger clearances > is
required (Fi gure 42). In the cooling position it acts similar to the flow deflectors of scheme No. 54 .
hut in the “hot ” position the deflectors provide additional insulation. This is expected to result in
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greater case response range than S( he-me No. 54. Areas of concern include long term stabil i ty of
installation and l inkage dependability. The possiblity of fan duct air blockage during cruise
(insulat ion away from walls) may cause large parasitic losses in the fan duct which must be
bookkept as a loss. The build tolerance is not critical , but a comp lex linkage and sync ring are
required for the two-stage turbine case with flanges.

Scheme No. 36. Blade Tip Erosion Compensator. This scheme (Figure 43) is a hybrid
between an active and a passive scheme. It points out the need to consider long term deterioration
mechanisms and ACC devices to compensate for it. It may he feasible and beneficial to include or
allow for such compensation in proposed schemes. Items of concern are ( 1) shroud ang les changes
wi l l  create a t ra i l ing edge , (2) d iscont inui ty  in the outer wall may cause a loss in performance and
(3) an invention is required to “fold” part of the ti p shroud inward to compensate for erosion but
st i l l  provide for shroud cooling.

Slots in Segmented
Shroud Shroud

Actuator Seal
(2 Reqd)

Case
Cam Ring

Fi gure 40. Sc heme No. 33, Cam Actuated Shroud

_______________ 
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~ 
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Figure 41.  Scheme No. 34, Thermal, Externally Cooled Case’s , Air Deflector
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Figure  12 St he -me No 3~ . 1 h erma l , Ex te rna l l y Cooled Cast ’s . I n s u l a t e d  A i r
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F ig i l re ’  13 Si h e -me No. lb . Bl ui tl e l i p  F t o  i su un  Compensator

Se lie-me ~ o. 37. Rotor Shift,  Conical Shroud. I h i s  is s i t i i i l a t  to st he -me - s No. 3, I and ~ I I i i s
so i i i  ne  uu ,e - ,  hi ’ t i u n r i ’  ( l t ’ s i r a l , l i ’  lot t u rb ine ’  ACC t i t a n  c ompressor A(.( due to the n a t u r a l l y  diverging
l l o w p , t r i u  a nul  p o te i i t  a l Iv large - ang les (Fi gure - i i i .  Mt- c hani cal  d i f lu  u l t i e - s  ar e- s i m i l a r  to se he-mr s
N o  ~~. I , i r i e l  . w i t h  t h e  modilu it  inn tha t  larger ang le-s me -an less ax ia l  sh i f t .  ‘I ’urbi n e ’ A( C is
r i a t t i r t i l  Is i i i o n i  d i l f i t  u l t  d u e  to i l u t ’  si’s c - ne t he rmal  e ’nvironmen t and need of cooling. whu  h make -s
t h i s  s he -me r e l . i i i s e l s  more - favorable for tu rb ine -  appl ica t ions  s in c e’  i t  .-“quir e’s n o e  hau ige s  to e a s e

cwi li ng 1) 1 st r i u  t t i re ’ .

I h i s  sc f i i ’n i e  is best suited for a single - stage- turbine since both stages of a two-stage’ ma hin e’
oulel not be optimize -cl  s imul taneous ly  at more t h a n  one operating point ,  si g n i f i c a n t  b e-ne - fi ts  are

s t i l l  expo ’e ted for two-stage mat hin es , however. Opening turbine ’ ( le-ararn e~s would ( lose ’ ( ompr(’sSor
le - . i rauu i’s for t l a s s ica l  converging diverging fl owpa ths . I ‘se c f  t h i s  s he-me mas the -n require  .-~CC

nut  th e ’ fron t  of the e ompressor (where -  flowpath angles are- relat ively large > to counterac t th is  e f fec t .
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Fi gure 44. Scheme Nc) . 37 , Axial Rotor Shif t , Conical Shroud

The eng ine length increases due- to compressor rotor.- ’st ator axial  clearance requirements as
well as turb ine axial clearance-. The sc - he -me- has the same PTO bevel gear problem as scheme No. 3.
The scheme will  also affect the rim cavity seals by opening the gap axia l l y. In addition , the th rus t
bearing is far away from the turbine,  hence axial motion due to thermals will  be large. Turbine ti p
clearance - control wi l l  be- more d i f f i cu l t  to mainta in  b y sh i f t ing  the rotor due to thermal  generated
axial  position changes.

Scheme No. 38. Fast Thermal Response Shroud Ring. This scheme combines active and
passive clearance control , and is based on a Rolls-Royce patented passive control system. In the
passive mode it provides clearance control by keeping the shroud away from the blade dur ing
acceleration and deceleration pint he-s. This is accomplished by tailoring the thermal time response
of the controlling structures. The key feature of the scheme is that the structure is desi gned to
provide control in the direction of opening clearances only. During the deceleration pinch the blade
cools and RPM’ s drop quickl y, hence opening clearances. The case then cools causing the pinch ,
and final l y the disk cools opening the clearance again. The “slow response ring ” has a response
tailored to the disk response, and holds the shroud away from the blades when they would normally
be closed down by case shrinkage , therefore preventing a rub (see Fi gure 45).

The “fast reponse ring ” has a separate cooling air feed and is drilled with air passages for faster
time response. During the acceleration pinch the clearances normally close when the case controlled
shrouds do not respond as fast as the blade .disk. With this scheme , however , the shrouds are
uncoup led from the cases on acceleration only and are pulled away quickly by the fast response ring.

This scheme relies on being able to tailor the time responses of the various shroud controlling
rings to the time response of the rotor and blade. It must be demonstrated that the fast response ring
can be made to respond at the required rate of 100°F/sec .
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Figure 45. Scheme- No. 38, ‘I herma l- l-I e-ate -d- Cooled Shroud , Passive

Scheme No. 38A. ACC Fast Thermal Response Shroud Ring — See Scheme 38. ~h is scheme
i s a  t rue -  .-~~(.(. idea prompted by the assumption that  a shroud cont ro l l ing  ring can indeed he- made to
respond at the -  rat e of 100° F Se-c (required of scheme No . 38> and supp l yenough fore - c to disp la~~’ the ’
shroud (se e- Figure 4 6).

In th i s  scheme the shroud location is controlled by such a ring, but the ring cooling air is now
tno clu l at e-d (iv m i x i n g  air from two different  compressor stages to provide ACC.

This s b o rne ’ is f undamen t a l l y  different  from c)ther thermal schemes in that  it provides a fast
lesponse ’ capable of tracking transient clearance changes. It has to be demonstrated , h owever , t hat
suc h a fast response ring can be designed.

The scheme promises good control , hi gh re l iabi l i ty ,  low purchase and development cost. If it
cou ld  be made to work it would be’ a prime scheme.

• Shroud cooling air part of ACC air
• ACC air dumped into flowpath aft  of blade
• Two-stage turbine needs to separate vane cooling air from ACC air required.

Scheme No. 39. Thermally Heated/Cooled Shrouds/Case. This scheme is analogous to
sc he-me No. 32 in that  it uses two different stages of hi gh compressor air to heat/cool the low turbine
cases. The scheme requires an annular gap in the cases to car ry the cooling air from stage to stage - ,
then dumps this hi gh pr essure air into the main gas path after flowing throug h cooling passages in
the case structure (see Figure 47).

S More advanced concept than blowing air on OD of case
• Should have bet ter range of control than blowin g air on case OD
• Hi gher risk and greater wei ght due to hi gh pressure plumbing and air control

valve
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Fi gure 46. Scheme No. 38A , Thermal-Heated/Cooled Shroud Active
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Fi gure 47. Scheme No. 39, Thermal.HeatediCooled Shroud Case 
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Scheme No. 40. Thermal Cooled/Heated Shrouds. This scheme feeds hi gh p re s su l i  c e o , ’  t o
i o u  along an annu la r  gap in the low turbine cases cooling th~ cases at cruise. During t rans ients  or

other pinch points the cooling air is throuled , dropping the pressure in the case annu lus  and
a l lowing  hot gas path air to be ingested into passages in the case structure. This raises the cast’
tc ’mperatu re causing the clearances to open as desired (see Figure 48).

R otor

Q 
Variable Flow

Cooling Air
fro m th e
Compressor

10

Figure 18. Scheme- No. 40, Tji ermal-Heate-d/Cooled Shroud Case wi th  M i x i n g

i h e -  degree of control woul d have to be evaluated , part icular ly since the cooling air require --
in ents  for each stage cannot be set independentl y to optimize - the control of that stage. This is a re -suit
of b a s i n g  to pass the cooling air for all  downstream stages through a given stage.

The’ accuracy in setting the back pressure in order to control ingestion would have to be’
evaluated to determine ii a fine enough control can be buil t .

Scheme No. 41. Vane Air Cooled Shrouds and Case. This scheme is analogous to scheme
N o. ‘10. hut  regtila es the C.- A dump rather than supp ly pressure. It uses vane cooling air  for hc ,th

e l se ’  cool ing anti ACC, which leads to potential temperature and flow volume compatibi l i ty
problems (see- Fi gure 49).
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Fi gure 49. Scheme No. 11, Thermal-Heated/Cooled Shroud Case with Vane
Bleed

The- scheme-has the disadvantage over scheme No. 40 that cooling air is wasted when seals need
to he- opened (open bleed part). For this reason scheme No. 4 1 may be superior.

Scheme No. 42. Externall y Cooled Case. This scheme functions similar to No. 84 but
provides a captive path for the redirected fan air flow. This should improve the separation problem ,
but  add.s wei ght and cost. The same advantage and disadvantages apply as for scheme No. 34
otherwise (see Figure 50).

• Low range of clearance change
• Slow response
• Primarily on-off control (2 position>.

2.1.3 Culling of Schemes

The extensive list of schemes uncovered contained both patentl y unworkable schemes , and
groups of schemes with only minor differences. By combining similar schemes and eliminating
unworkable schemes according to the following guidelines, the numbe r of schemes to be considered
in detail was reduced .

• Techni ques that were variations on a scheme were evaluated with respect to
each other to determine if one variation was uniformly superior to others of
the same type. In such cases the inferior schemes were dropped from further
considerat ion.

• Schemes which had a fundamenta l flaw making them unworkable were
dropped. An example of such a flaw would be a scheme which req uired
material properties unrealistically beyond the limit of existing materials.
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Figure 50. Scheme No. 42 , External l y Cooled Case, Air  Deflector

To aid in th i s  evaluation candidate - s he -me-s were transferred to standard reference sheets where
pertinent information and prel iminary evaluations were made for each techni que. Additional
information concerned with the practical mechanics of adopting cartoon ideas to hardware , and the
detailed advantages and disadvantages of each concept were considered. These details included :

• Sealing
• Adaptive hardware (arms , flanges , screws)
• Tolerances (machining,  assembly)
• A ctuat ion  ( l ink pins , unison rings , valves)
• Auxiliary equi pment (pumps , pistons , generators , hydraulics)
• Power source
• Number  of parts.

The scheme-by-scheme cul l ing detailed in the following section resulted in reducing the total
number  of schemes to be considered from 51 to 16. This number was further reduced by
consolidating schemes with considerably different appearance (generally because of application to
different  components) but based on the same operating principle. The scheme cull ing is i l lustrated
in Fi gure 51 where a ladder showing the scheme combinations and final schemes is given. As a
byproduct of the culling, a scheme application matrix , Table 3, was developed to summarize
pertinent app lication information (or each scheme. The component for which the scheme was
considered , estimates of the response rate , types (levels) of control , range of control , and control
auuat ion type are given to hel p characterize the schemes.

2.1,4 Description of Culling Procedure

Scheme No. IA and 2. Cantilever Stator Tip Control. Schemes IA and 2 were different
app lications of the same scheme and are generall y similar to scheme No. 10. Scheme No. 10 was
retained as represen tativ c of this type of scheme.

Scheme No. 3, 4, 5, 37, and 37A Axial Rotor Shift Schemes. Schemes No. Sand S operate on
the same principle and provide the same benefit. Scheme No. 5, however, is mechanicall y simpler
and has fewer moving parts. Scheme No. S was eliminated from further consideration with no loss
in generality to the study.
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TABLE 3. ACC — SCHEME APPLICATION MATRIX

Loca iion

Corn p r eseor Turbine

Scheme Fft ,~h Low Hig h Low Seal
1, — Ax ial Rotor Shift X X
6A — Axial Shroud Shift X X X X
S — Strap Shr ,ud X X X X
9 — Pneumatic Thermal Tip Shroud X X X
lOA — Screw Actuated Tip Shroud X X X
iS — Bellows Actuated Shroud X X
SI — Thermal Cooled Cases X X
32 — Thermal-Heated Cooled Cases —

HPC Air X X X
— Thermal-Case Heating X X

33 — (.am A~~uated Shroud X X X X
35 — Thermal-Insulated Air Deflectc ,r X X X
38A Thermal Fast Response Shroud X

‘Transport Onls — Optional 
_______ _______ _______ ______ _______

Scheme No . 4 operates on the same princi ple as No . 5, but  uses h ydraul ic  actuation rather than
the mechanical screw of scheme No. 5 .‘~s suc h , it i s jus t  a control varia t ion of scheme No. 5 and was
dropped from fur ther  consideration as an independent scheme , but was retained as a control option.

Scheme No. 37 and 37A represent the hi gh and low turbine app lication respectivel y of scheme
No. 5. The-v were dropped from consideration as separate s hemes, but were retained as a different
application of scheme No. 5.

Scheme- Nc,. 5 was retai led as the rotor shif t  scheme representative of schemes Nc) . 3 , 4 , 5, 37, and
3 7A.

Scheme No. 6 and 6A. Translating Compressor Shroud. Scheme No. 6 works on the same-
aerodynamic princi p le as No 5 but involves axiall y translating the vane and shroud assembly rather
t h a n  the ’ rotor.  The hig h torque , hi gh ac tua t ion  loads , and the l imited number  of app licable - stages
make it  impractical  in its present form. The alternate scheme . No. 6A, which uses the same concept
hut  on a stage-b y-stage basis , was considered instead.

Schemes No. 7, 8, 14 and 15. Variable Length Strap Shroud. Schemes No. . 8, 14 and 15
achieve -clearance control by adj ust ing the - circumference of a band or strap shroud. This circumfer-
ence change resul t s in the desired clearance change-. Schemes No , 7 , 14 , and 15 detail particular
hy draul ic  actuation devices to accomplish the clearance- control , while scheme- No. 8 uses an as yet
undetermined actuator.  Be-cause all schemes function on the same operating princi p le- of adjus t ing
a hand , schemes No. 7, 14, and 15 were dropped from further  consideration as independent
techni ques , hut we-re- retained as a control option of scheme No. 8.

Scheme No. 16. Thermal Link Actuated Shroud. Scheme No. 16 is an actuation concept for
the - mechanical ly  actuated segmented shroud schemes. This system may not be practical because a
short actuator ( I  to 2 in . )  requires a large temperature change to get a si gnificant clearance change
(10 mils  requires T = 500°F). Scheme l6A isan improvement that  is considered as a control variation
for mechanical shroud schemes.

Scheme No. 10 and b A .  Screw Actuated Tip Shroud. Scheme No. IOA is a more detailed
sketch of a combined shroud and cantilever vane actuation scheme of the screw-actuated stator and
ti p shroud. It w i l l  be- substituted for No. 10 ( indiv idual ly  actuated shrouds); scheme No. 10 wil l  be
retained as an option ii No. lOA proves unfeasible.
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Schemes N o . l l . 12 , 13and 33. Ring Link Au uat ed Shroud. ~~hemes No. I l , 12, I 3 an d SS
are - ‘. ar i a t i ons  on a mechan i c a l  r i n g - l i n k  control  of segmented shr oud

St he-me No 2 is super i or  to No. II in tha t  i t  require s  one li ’ ss t i t i i ~ whil e pros id in g  at h ’ast
eq u iv a l e n t  c o n t r o l .  It is me - chanica l l s  s imp le-r end h e ’  less io l er an t ’ i t i .~ ( u r a c  S b u i l d u p .  Of these
two s imi l a r  s hemes , No. 12 was retained as re -pr ese nt a t i se  of t h i s  l,es ~ of s he-me, w h i l e  se he me
No I I  was dropped from fur ther  consideration.

Scheme’s No, l2and  13 are s imilar  in th e - ac t u , e t i o n - r i n g - l i n k  idea . h u t  s li e -me No I 3 indudes  a
series of slots to cont inuousl y position the sh roud , w h i l e -  s he -me No 12 is mor e app l i t  able to t ss  ci

position operation where - the - shroud is located r a d i a l l %  bs r ing  stops at both end ’, of t ra sc ’ l  Bs
al lowing greater circumferent ial  travel for a give n r adial  hang e , s he-me’ No. 13 is expec ted to

provide better clearance - control by reducing the’ s e n s i t i v i t y  of k -aran t e change -s to u n c e r t a i n t i e s  in
control positio n. Scheme No . 13 is then representative oi th is  type of 5( he -me - . Control  c,n siderat i ons
wi l l  determine - which techni que is superior.

Scheme No. 33. Mechanical Cam Actuated Shroud. S hemt’  No 33 was select ed as being
representative of mechanic -al linkage scheme-s as app lied to the -  hi gh t u rh ine . The- severe operating
environment  and mechanical tolerance required due to thermal growth must  be a re fu l l y  evaluated
to determine the practicality of mechanical cams in th is  environment.

P y comparison to scheme No. 1?,. thi s scheme offers lower leakage , reduced size , and better
clearance -  control , Specifically, the scheme has fewer l inkage s, hence less control loss clue to
tolerance - buil d up, and the shroud posi t ioning slots are located such tha t  no pressure sealing is

required across them. The scheme has advantages in both the compressor and tu rb ine  and wi l l  he
used in p lace- of No. I S in the compressor.

Scheme No. 9. Pneumatic/Thermal Variable Tip Shroud. Scheme- No. 9 is retained as a
candidate scheme-,

Schemes No. 17 and 18. Bellows Actuated Shroud. Scheme -s No. 17 and 18 are both pneu-
mati (  bellows actuat ion schemes , the only difference ’ being that  scheme No, 17 controls the - blade
shroud gap onl y w h i l e - s c heme No. 18 controls both the blade - shroud and vane gaps simultaneous ls  -

Both schemes wi l l  be retained with the view that  they are- different app lications of one clearance
control device and will  be represented by the - more general scheme- No. 18.

Scheme No. 19. Case Cooling — Air. Scheme- No. 19 is a case cooling scheme using fan duct
air flowing axial l y along a split case compressor. It is not app licable - to bui l t~up case construction
bee a use the - protruding flanges si gni f ic  ant ly  decrease- the cooling effectiveness. The compressor case
of this study wil l  be bui l t  up; hence this scheme is not practical for this study. It will  he dropped
from further  consideration in lie -u of other fan air cooling schemes suitable to buil t-up cases.

Schemes No. 20 and 31. Fan Air Cooled Cases. Schemes No. 20 and 31 are fan duct air case
cooling schemes for segmented cases. They consider the - compressor and turbine respecti sely.
Scheme No. SI has improved cooling effectiveness , tube geometry, and split rails , and will be
retained as the concept for both compressor and turbine. Insulation will  be considered to improve,’
the effective -ness.

Schemes No. 21 , 21 A and 32. Case (Rail) Heating and Cooling. Scheme No.2 1 is a compres-
sor air  case heating and cooling scheme desi gned for a sp lit case compressor. It is not applicable to
this stud y For the same reasons given for scheme- No. 19. An alternate scheme , No. 21 A, uses heating
and cooling of the cases but is adapted to segmented construction in place of scheme No. 2 1.  Scheme
No. 32 is conceptuall y the same but applied to the hi gh turbine and will be retained for considera-
tion as well.
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Schemes No. 22 and 22A. Case Heating. Scheme N c ) . 22 uses low pressure t u r b i n e -  air to he -at
the -  ases dur ing  p inch  poi n t s .  henu’ opening lear anc e s  It is for sp li t  case’ shrouds and is not
app li~a hle to th is  studs (see- discussion of scheme No. 19).

Sc heme No. 22A uses the scheme of hea t ing  case -s with t u rb in e  exit  air  hut  adapts it to the
segmented cases of th i s  work.  This modi fied sc he -rn e (No.  22A~ wi l l  heconsidered in p lace -of scheme
No 22.

Schemes No. 23 and 24. Disk Bore Heating and Cooling. Schemes No. 23 and 2-i control the
disk temperatures wi th  compressor interstage air to pros ide the required ACC. These techni que -s
has- c’ slow response , l imited clearance- control capabil i ty,  and create se-se-re and unacceptable  disk
life l imi ta t ions .  For these reasons the techni ques we-re dropped from further consideration.

Scheme No. 25. Floating Vane and Case. Scheme No. 25 is a passive scheme which was
dropped from fur ther  consideration as it was not w i t h i n  the -  scope of the - program.

Scheme No. 26. Electrically Heated Shroud. Scheme- No. 26 provide-s ( le-arance control hs
electricall y heating the - shroud wi th  imbedded resistance heaters. The- scheme requires a separate -
electrical power supp ls because of the amount  of power required and has major re l iabi l i ty  and
development problems. Previous experience wi th  electrical systems which are integral wi th  eng ine -
cases have shown poor re l i ab i l i ty  and du rab i l i t s , so it is expected that  a major development effort
would be required for this scheme. For these reasons , this system was dropped from fur ther
consideration.

Scheme No. 27. Electricall y Heated Seal Land. Scheme No. 27 is an application of sc he-me
No, 26 to the - compressor exit  seal. It is not practical for th is  app lication because - the large
temperature -change required for a s ign i f ic an t  clearance - change - ~~T = 250° R for 0.010-in , clearance -
change) and would require - operating temperature - levels besond al lowable lese ls of a sailable
mater ia l s . This in conjunction with the reasons given for dropp ing sc heme - No. 26 caused th i s
scheme- to be- dropped from further  consideration.

Schemes No. 28, 29, and 30. Compressor Exit Seal Applications. Scheme-s No. 28. 29, and 30
are - app lications of s(heme -s No. 17 . 8, and 6A , respectivel y, to the - compressor exit  seal. The-s were
retained for consideration as being represent ative of ACC on internal  air seals . Scheme No. 29 wi l l
be modified to confi guration N’,. 29A , which  leaves the - actuation device undetermined (s imi l a r  to
scheme 8) un t i l  comp letion i”! the control study.

Schemes No.34,35 and 42. Externally Cooled Case Air Deflector. Schemes No, 34 .35 and 42
function by deflecting the duct air onto the case’s to increase cooling and lower the case temp erature.
The expected range of control is smal l  and the losses high because of the low efficiencies of such
systems. Scheme No. 35 was retained as represent ative of this  type of scheme because it provides the
additional potential of reducing the cooling through the use of insula t ion,  whi le  having l i t t l e -
additional penalty associated with it.

If the expected more - efficient case cooling schemes (No. 31 , 32) have surp lus control capability
and there appears to be a benefit for a less comp lex but limited actuation scheme-. the -se schemes
would be reconsidered.

Scheme No. 36. Blade Tip Erosion Compensator. Scheme No. 36 is a passive clearance
control compensator and as such was outside the scope of the contract and was dropped from further
consideration.
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Schemes No. 38 and 38A. Thermal Fast Response Shroud Ring. ~ hrme s N ‘
~~~ end 3MA

are similar to scheme No , 32 in that  they conrr ’~l the HPT shroud hit  . e t i o f l  hs c o n t r o l l i n g  the -  shroud
support ring or rail temperatures wi th  hi gh pressure eompr essor air .  Se he -mrs N o IS and ~~~ are ’
fundamenta l ly  different , however, in that they are fast  resp onse s - s - S t e r n s  .ip.ihlc’ of r r a ’k ing an
eng ine transient , whereas scheme No. 32 is not. Scheme N~ 38A w e - , r eta ,n e ’d tot f u r t h e r  ana lys i s
because it is a fu l l s  ACC scheme whereas scheme No 38 is not.  Sc heme \o 3~4 s s a s  dropped from
further consideration.

Scheme No. 39. Thermal Fast Response Shroud Ring. ‘ i he -me \~ 3’~ usC ’s h igh pressu re-
compressor air  to cool and heat the -  low turbine  cases, This idea w i l l  he retained for fu r the r  anal ’, sis
and he represented by scheme No. 38A.

Scheme No. 40. Compressor/Ingestion Cooled Heated Cases. Scheme No. 40 poses sc ’s- err
control and desi gn problems because of the -  f ine  on t r o l  required of the bleed air  to modulat e
ingest ion .  It  is . 1151) s imi lar  to scheme- No, 39 in man s  r e spec t s ,  and was dropped from fur ther
considerat ion pending positi se resu lt s  from scheme’ No. 39. Scheme No. ‘1 1 is less e f f ic ien t  than
sc heme -. No. 10 due - to the - addi t ional  waste of HPC air .  For this  reason and the - reasons stated for
scheme No , 40, it was also droppe d from fur ther  consideration.

Schemes No. 28, 29A , 30. Rear Compressor Seals. These con epis were dropped he ’ j ose of
inadequat e’ payoff for con t ro l l ing  clearan c’ s in the - rear compressor sc - a l .

2.1.5 Final Schemes

The 12 se he-me-s selected for more detailed evaluation are shown schemat i ca l ly  in Figures 52. 53 ,
and 54. .-

~~ brief descri ption of the-se scheme-s and some comment s on their  app lication ao’ given
h e- lose ’

Mechanical Schemes. These types of schemes are gene -raIl s categorized b y a large - n u m b e r  of
precision mos ing parts. The-”, offer a response rate - capable of fol lowing clearance changes du r t ng
normal engine t r , ens i en t s  and a large- range - of clearance - variat ion.  The- clearance - control is not
c’x pec n d  to he- precise ’ due to tolerances , s l i p, and we-ar at the numerous jo in ts  and contac t surfaces
T he’ s heme’s are - ,elso expected to be expensive , he -ass - , hu lk s , and have m a i n t a i n a b i l i t y  and
re l i ab i l i t y  p enalties.  In some cases they may not be app licable -  to hi gh temperature environments .

Scheme No. b A .  Screw Actuated Stator and Shroud. The shrouds and stators are moved
radia l l s  wi th  ,e lever arm and ssnc r ing  driven screw. Six to eig ht segments with  two or more
supports per segment are required to get 90% effective clearance change- due to circular distort ion
effe t s ,

Scheme No. 33. Cam Actuated Shroud. The’ cam actuated shroud has angled slots in its side-
r a i l s  which  ,ir c’ engaged by fingers atta hed to a ss nc ring.  ‘I he shrouds are restrained to move
radia l l y  only,  so when the ’ sync ring is rotated the ’ f ingers ride up or down the angled slots forcing the
shroud rad ia l l s  out  or in ,  This scheme provides for both gas path sealing and shroud cooling so is
app licable tee the HPT.

Scheme No. 6A. Axial Shroud Shift. The compressor shroud is a conical ring that translates
forward ,end , ef t .  A x i a l l y  t r ans la t ing  the - conical  r ing wi th  respect to the blades causes a radia l

lc’ , i ran ee lowdown whose magnitude is proportional to the  floss- path slope. .\ tuation is
s tage ’ - I)S -stage .
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MECHANIC~A L SCHEMES

IOA - Screw Actuated Shroud 33 - Cam Actuated Shroud
Case Segments
(6 to 8 Segmts) ,,—Segmert ted

Shroud

~~~~~~~~~~~~~~~~~~~~~~~~~~~~Spli t Ring 
Lever Arm 

Thd) Cam Ring

6A Axial Shroud Shift

5 - Axial Rotor Shift Shaft 8 - Strap Shroud

Spur Gear 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ /
‘
~\ 

~~~~~~~~ ii/ Actuator

Thread 
Suitable Drive

Bearing Support

~o 6’~’68

Figure 52. Mechanical Schemes
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THERMAL SCHEMES

31 Therma l Cooled Cases 38A - Thermal . Fast Response Shroud

Cool ed A ir Pipes Rails 
Fast Response

Seal Ring
Supports

Cooling Flow Pipes 1
Segment
Shroud

22A - Thermal - Case Heating

IN 100

LPT Ai r
During Transients

32 - Thermal Cooled/Heated Shroud Supports 35 - Thermal-Insulated Air Deflector
Turbine

SLTO 
Case

Position

~~~~~~~~~~~~~~~~~~~~Insulation

Cruise
Position

Compressor Discharge at T.O.
Compressor Midstage at Cruise 

FO i~ 7765

Figure 53. Thermal Schemes
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18- Bellows Actuated Shroud 9 - Pneumatic . Segmented Shrouds

Air in Segments

L 
B~ de 

~~~tiO n 

~~~~~
H~~hPress u* 

“Bellows ” ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Gap

Max Gap 
~ ~68OH2

Figs-ire ’ 54. Pne’umati Sc heme-s

Scheme No. 5. Axial Shroud Shift. Analogous to s he -me No , hA , t h i s  (once -pt  requires a
coni (al  fb owpa th .  It wntro l s de’aran e’s through re la t ise ’  axial  m otion between shrouds and blade-s
or rotor and stator ,  In this  (ase t h e - e n t i r e  rotor is t r ans l a t ed  a x i a l l s -  h% a dr i s -  e mounted at the thrust
hearing support. All  stages are - ad jus ted  in a single ’ motion , b u t  st , eg e- bs -stage ’ ontr ol  s-aries wi th
kx al (towpath s-bo(x’, and ompR’ssor and turb ine ’ change ’s are ’ epposit i’ .

S heme No. 8. Strap Shroud. ‘rhc’ shroud  is a hand or st r ap  broke -n at one’ p oint.  By
mechani c  a I l s -  in~ reasing or dec re’asing I t s  length ( cure  u t i i f e t e ’ r n  e radial ( h ’aranc (~s- are in (reased or
dee reas eel . The- s he-me is re str u ted to two-pos it ion  op e - t a t l o n  where radia l  t r a s - e l  and location are-

ont ro ll e - (b bs- stops in the ’ eas e. ‘I ’he ’ n e- c es sar i l s -  I Ii si h I ’ sh r o u d u s prone to ov aluz at i on effe Is
ot h e ’tw us e .

Pneumatic S hemrs. ( l ie p t u e - u i m n d t i c  se h e t r i .  ,ure f , e s i  - t e  sponse-. mne ’c h anu a l ly  simp le
sc hemes capable  of f o l l o w i n g  norm a l  c t u i ~’ i r u e  t i n  ‘I ’’flIs I Fur range of le -aran e e ~ int r ol  c an  be’
sr h’e ted on a s tage-bs  -s i ege ’ basis I l i e ’ s ’  s hem ’ h i s - c ’  . u i l s  l u n i t e ’ d  h ig h temperature’  apab i l its -
res tr te t ing t h e i r  use - to e) ii )p re ’sseu ci t  th e ’ los-s t c u r  hi t ie  c~ip I ic at  i ons  mn ak i rig th e -rn  prone to b ind ing
an d out -of .round effec ts , As  a result the ’s t u u , e s -  Is i c ’ s - t i n  t e d  t~~ i s-.. C) .pOSu iit ) 1i  e)p( ’r at uem wher e ’ the ’
r ad i a l  locat ion  u s l imi ted by sto ps . , ind larger th i s -  i t u g  boo C’ s c i i i  be’ used, I ’hc’ su he-rues are relat ively
ine -xp en si~~’ and me-c h a n i c a i l s -  s i m p le ’ , h u t  ha s - c -  p e ’ t i , e l t ue ’ s  ,Isso i , e ip d w i t h  the me’~ han ic a l  du rab i l i ty
of the hel lows or on t in  uou s l e ak  age’ for s he-me’s s-s- i t  hon t bellows.

Scheme No. 18. Bellows Actuated Shroud. Pr e ssur iz ing the  bellows auses the attached
segm ente d shroud to t t i o s - e  ra diall y inwar d . losing the ’ le ’aran i’s. Reduung the pressure allows
local gas path pressure’ to foru - the  shrouds outward , opening the dearanu’s. Onl y static hi gh-
pressure air is required On C e the system is engaged.

Scheme No. 9. Pneumatic Segmented Shrouds. The’ segmented shrouds move radially in
response to ba ck-pressure hanges. This is a mech anical ly s imp le two-position scheme with
potentiall y significant leakage p e n a l t i e s .  The scheme is not expected to be app licable to the last
stag es of the high pressure compressor or the - h i gh turbine because of hi gh temperature friction and
the unavailability of hi gh pressure air supp ly to actuate the device.

Thermal Schemes. The th ermal sThemes operate by having a clearance controlling structural
part change radial location as a result of thermal expansion or contraction. They are, in general ,
mechanica lly simple and offer continuous , accurate positive clearance control and may more
readily be adaptable for retrofit , Shortcomings include slow response and limited range of clearance
control which may limit the ability to track normal engine transients.
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Scheme No. 20. Thermal Cooled Cases. ( .ases ate c es ,I e ’d w i t h  l i i i  ( t u e  t or f r o n t  si ,cge
u t t i p o’ssor ai r .  Hig h u~ din g  effe t i s - e ’ r u e ’ ss i s possible w i t h  u l i u p c u u g e - u i u e - u u u  of ool i i i  ot i i t u i p t e ’ s s o t

rear stages or tu rb in e ’ . ( .u  ø d u n g  c ur  is turned o f f  prior o ‘ pin c h p oin t s  .e r uu l t r a r e s i c - nu s  w h e n  h ,el lo~
,uses to he-at up and urn rease ( learant ern s . [‘his s-c he-me suffers a t  ouu tu t i uo ’ i s  js~r f omi u i . i u i c  e p ’ i i . e l t s -  due ’

to c o n t i n u ou s  bleed air requirements.

Scheme No .2 1 A. Thermal Heated Cooled Cases. Cases ar e ’ heat ed at idle points , c t i i l  t e s i b e  if
a t e  rui se - pou ru t s  I h i s s - c  he-me- i sa  e o rnbi na t ion of s-c he-me-s No. 20and ~~~ where add u t io t i ,u l  t . u t i g e  ‘ 1

leara re ( e c o n t r o l  is obtain ed i t  the cost  elf added system complexity.

Scheme No. 22A. Thermal Case Heating. Cases are h c ” ’  i’ d at idle - points w i t h  loss- t u c t b u i e
, u l t  t o  ,cs - e i i c l  p eru  he’s du r i t i g  subsequent transients to hi g ’ wer. Schemes are off du r ing  ru i se
ic -su i t u i u g  in no ble ’e’ej , u i n  pv rf om n e aui c  e p ’na lties but may I . ~nited range of re-spons.

S heme Nei . ‘3W,. Thermal bnsu lated Air Deflector. Insulation is me-c han i a l l s -  tn out i i ed to
s- s - s - i  u c g  ,e s- i a’, f t  ‘ c i i i  t he ’ ( ,~s - e u l t u r u n g  r u i se  dive ’r t ing fan air  oflto ease for eool tog s -s h u e- t i  u i g h i t e - i

Ii , er. u rn c’s i i ,  t e’e ~ ii ir e-cl , I hr u r i s u la t  ion is pressed against the case dur ing  ~n n~ h pou H is  i n s u l a r  u t u g
the  .c s -  f r o m  the’ 11)01( 1 ta re c i i  wbe-n hffl t e-r s - tru e lure , hence - barg e-i t l earant  (‘S . ,ii  C u e ’ i f l i l t  ‘d  I hc ’
s-c tu e - r u e’ us on l s -  app bu able ’ t o  the ’ f igh ie ’u  engit ie ’ s- s-h ere fare  d u t  e oolue ig is  s u g n i f i (  . in i

Scheme No. tM -t. Thermal-Fast Response Shroud. I h i s  se F u e t ne-  otnb une s t h e e  f a s t  t e s - j i ’  it o .
ci i me -c h a t u n ,il Se h i - i n c - s w i t h  t h e -  eu t t up l u c  u t s -  ,end i c e  u i r a i  s- of t h e ’ u t u u , u l  s-c he -inc ’s Ir e t h u .  s-c l i i  r u l e  -

t r ansp i ra t io n or u t u i p i u l g c r u i e n t  es,Ied r u n g c  o t i t r i e l s  t h e ’  shroud Ic a t u o t u s  I he ’ r i n g  IC r u i p . - u . c t u u t e  is
coi’i t r o lle ’e l hs- t u o d u l . e u i t i g  , i ur  f m o t t i  t s - s i c c l i f f e ’ t . - t u t  eo m pue ’ s s - iuu  , t a i y sc bu ’ p e ’ t u e lu r ug cen  th e  u e -e ~u ur e ’ e t f l i g h t
po uu i u  arid desired le er , eti ,  e-

I
2.2 CONTROLS

2.2.1 (:ontrols Overview

‘(‘he a tua t o r s  and binkag e s  required t e l  c ontrol  the ’ f i n a l  12 s-c he -me-s s-s c-r e - sized , a nd the’ cost .
s-s-eight . r e l i a h u b i t ~ - and r les -t ’lopm ent r i sk  for ea .h ss-- .i s determin e -e l .  fhesr es t imates  , im e expec ted to
ba se ’ a high conf idence level as the -v were based on hardware c urrentl y in use. .-

~~ summary  of the ’
control  requirements  is given in ‘fable I where the - ontrol response ran - , be v el , ma n ge, I s - l i e ’ , and
descri ption are’ given for each AU. scheme.

The’ cont ro l  ‘‘ respo nse rate ’ ’’ is a measure ’ of the t ime to l u l l s -  at t u au e  the  co n t r o l s .  It us set b~
e ’ither the typ ical en gine - response (3 to 5 se e  for an ac eberation transient )  or the in t r ins ic  s-c he-me
response ’ rate -, whichever is larger. The t ime  scales are fast ~ I se-c , I < med ~ 5 see , S sec <slow, The-

ontrc > 1 “bevel” is described in Section 2.2.2. The- control “ e’st i mat e-d range ” is a me-as-mire ’ e)f the radial
learance change- possible wi th  each scheme, The control “ty pe” and “descri ption ” identif y which

of the eight controls (A H)descrihc ’d in Section 2.2.4 are app licable to eac h of the ACC schemes.

‘fable 5 summarizes the LCC inputs  for each control system and for each component app lica-
non. Refe ’rring to Table S, ACC mechanical scheme No. 18 (Bellows Control Shroud) uses control
scheme D which weighs 15 lb . costs $2,000 , has a mean time between failure (MTBF) of 25,000 hr .
and responds in less than I se-c One control is required for HPT stages I and 2. or HPC stages 10
through 13 , or )-IPC stages 6 through 9, or LPT stages 1 and 2. However , two would he required for
con t ro l l ing  stages 6 throug h 13 of the HPC as a unit .
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I. -~B[,E. 1. CONTROLS REQUIREMEN ’I’.S FOR FINAL .-~CC SCHEMES

Con tro I.s

Ri-s panic
Ra c e. I , . .  s- I Range Type .’ i) e ci - rs pe ca n

— Axial Rotor Shuli 2 1,2.3 I A BaIt Sc rew
— Axial  Shroud Shift  I 1.2 ,3 I 8 RCVV”

K — Strap Shroud I 1,2,3 I B RCVV
9 — Pnt ’unuauur Thermal Tip

Shroud I I I C Pm-u Closed S~
I u’l.-’e — Si re ,, -Si ruatc ’ iI t i ç i  Shroud I 1. 2,3 I B R CVV
1K — Bet lows St tuaic’d Shrc,uul I I .2,3 I .2 1) Pm-u Closed Si i

31 — thermal Cooled Ca’a- s ‘3 I I I- Pneu Flowing Si -s —. One
32 — - t hcrmal-Ife’aie’d Cooled

( , ,,~
,-., — EIP(; .\ i u  ‘3 I 1.2 (,  Pne’u Flowing .Sss — Mix

22.5 — ‘fhe-cmal-Case h eating ‘3 I I F Pneu Flowing S~~ — One-
(‘3 — ( .urii ,-5 u ua ie- d Shroud I I .2 .3 I B RCVS’
‘3’. — I’he-rmal — Insulated Air

l)elIc- tue 3 I I I-. RCVV
‘3 K -S — I hernial — Fast Response-

Shroud I 1.2. 3 I 14 Pneu Flowing S v s  — Mix

Response  Lit
Ra te 1,e.cI Range  Type

- I-as- u I-Ore 011 I->20 Mils 8 Schemes
2-Med 2-O pen t.oop 2-10-20 Mits- tdc’ntilueel
‘1-Slow 3-Fee dback 3-<l0 Mils (A- lU

5e- , ’ Sc’, lion 2 . 2. - I for -‘tn Fxp lanatuon of t hose’ (.ate’gories
~~R .- ;iu ( n.e. pu-si... Variable- Vane Angle- Pcis - uu coning Cont~oI Icr

______ 

TABLE 5. ACC — CONTROL SYSTEM SU M M A R Y

. - t ( . ( .  ( a n te - ni t Vcig hi A quz . cz t i on Rr l , ah i l i t v  Response A ccura.-s -’ !.) eu ’elo p.
Sc h i - ens - s  sc he ens- lh,  (.o~ 3 .“~4 Tf l F  f h r .  (see °‘

~ of Po int R i s k

5 . s- 20.0 II .000 7.504) I * .5 l.iiw
‘ I B 10.0 6,000 11 .000 I *1 8 1.ow

II 10.0 6.000 11 ,000 1 0.8 1.,ow
10 .5 B 100  6 .000 11 .000 I 0.8 Lois’
‘(‘3 B UP’l-12# IIP’F-6500 11 ,000 I 0.8 Low

1-IPC-t0$ IIPC-6000 11 .004) I 0.8 Low
( .  3 0  1 .000 6.50(1 <I —

5 1) 15.0 2,000 25.000 <I +0.1 1.ow
1’. F - 1.3 1 .600 1 7,000 <I — [.ow

F 10 7 1) 800 800 ‘3 SI 6. 5k <I <I —

‘32 (, 12.0 3,000 6.500 <I — t.os-s-
II  I S O  5 ,000 5 ,004) F a s t ,  +02 Modt-rate’

t o t l u g h

I( ( 1/PT FIPC .Sig 1/PC Seg ((PC Seg
S Inn..’. 1..’2 10-1? .5.5 es - - / I I.PT

I N A  I N - S
6.-S I — I I ’
K N I - S  I I I ’

10.5 N -5 I I I’ I
‘31 I I I I I

‘C N S  I I I I
I K  N . S  I I 2 N A
‘3’. I I I I I
22 5 I I I I N A

I I I I I
I N A N -S N -S N .S
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‘f he ground rule’s for the’ c ont r ol c -s t tmates - w-e’r e~

- Controls we ’re - required lo respond fast er  t h an i  the tuor tn , c l  Iear ane e change ’
dur ing  maneuversor Ih i’otIIt ’ t r ans i en t s  (re ’sporusc ’ t im e <  I se-c i. For ene haut-
e-al and pneumati c s%ste ’m s th is  n e -s - t i l ted  i n c  le ’;era nc c - c  hanu ges cc u i r r i nu g oru  the ’
orde’r of I se-c, whi le  for thermal s-c he-mrs the e l e - ,i ra n e e- ru ’s-p or isu rate was
controlled by t ransient  the ’rma l response- of the ’ s I n ce t o r e - s .

2. The estimates are for control  - onl~ - Brac ke ’e s - . p l u m b i n g ,  gears . l e - ve-rs and
other l inkage items are not included in the - e ,ntrols -  portion of the - se- e st imate -s.
but are- in c boded in the ’ tota l  s-s ste -rn cost. I’he c ,n trcc b r e ’qu r re’ mr tut s -  for th ee -
fig hter and transport are the same , wi th  the c’x e-pti on tha t  the l ight e r has two
LP’r stages whi l e -  the transport has five - I .P 1’ stages. ‘l’his mas require’ the’
transport to have- a larger size actuator.

All actuators except air valves wil l  he located externa l  to the - fan duo.

General Control Considerations. Operating s-s-i th feedback control to m a i n t a i n  the c bear anc t ’
desired will  require the sensor to be mounted on and move wi th  the - act is - ’e’ member, ‘Uhts ins ta l la t i on
problem mas eliminate closed loop control from some- schemes,

IT t i l i z ing  hig h pressure - fuel as the actuat ing f luid  must be car e ’fu lly reviewed for eac h app lic.e -
ion relative to eng ine safety. On advanced eng ines fuel is kept outside the - fan duos for t h i s  reason,

It may result in a problem in positioning the RCVV ’s due to the additional linkages required.

The real time control computation required for all schemes was accomp lished by an electroni c
engine control , It is assumed that  the sensed parameters necessary for this  ac t iv i ty  can in fact he

F ob ta in e d ,  For each specific concept the required parame ters must be identif ied and the’ pre’ i s - ion of
the  sensors established. This in-depth a c t iv i t y  wi l l  not be accomplished as part of the ’ current
program. When the - work is accomplished , the results may impact the overall  effectiveness of a
specific ACC concept.

Failure modes of the control system are a generic problem that  is common to all of the schemes.
Sin ~’e there wi l l  alwa~s be -a failure mode in the control tha t  could lead to a fai lure  of eng ine parts .
consideration has been given to redundant systems to provide fail-safe operation. While this may
not always be possible when wei ght and complexity negate any gain achieved with the clearance
control concept , in a)) cases a fai l  open , or tolerant failure mode- for the clearance control system is
requ ired. A detailed fai lure  mode anal ysis would be- required in order to define the fai lure  modes for

~ CC schemes and controls before final  incorporation in an engine could be recommended.

2.2.2 Control Types

The three types of control schemes considered are the- Ofl/Off e open loop, and feedback controls.
The on/off scheme provides simple two-position actuation optimized at one flig ht point. Since the
clearance does not vary si gnif icant ly over the cruise or dash legs (see Table 6) a simple system of this
type can accurately achieve nearb y all the benefit available over an entire mission with a single
closedown. The control can be activated for the appropriate condition using presently monitored
engine operating parameters. For pneumatic and mechanica l systems using on/off controls , the
shroud is restricted to two.position operation where the limit of travel (an d therefore positional
accuracy) is set at the outer airsea l by stop grooves machined into the cases. The on/off operation
can he fast or stow , but the clearance limit cannot be adjusted without disassembling and rep lacing
the outer air seal (OAS). Thermal on/off schemes are adaptable to different limits of clearance
cbosedown by simp ly altering cooling airflow level. This can be done easily with ext~.rnaI changes.
The controls are relaüvely inexpensive , and the positional accuracy is good for this off-the-shell
scheme.
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rABLE 6. S U M M A R Y  OF CLEARANCE CLOSEDOWNS

S herne __________ 

Fig h ter 
___________ Transport

Ac. 1) en ru pt.nru / .2 10K 0. 9 35 K t~f J e c I u u e Ciuuse

5 ,-Sx ua l Rotor Shult A~ 0.030 0.029 0.029 0,0 11
B 0,02 7 0 029 0.027 0.002
(. 0.021 0.025 0.02 1 0,003

6A Ax ial Shroud Shufu B 0,027 0.029 0,027 0,002
C 0.021 0 02-1 0.021 0.003

~ Surap Shroud B 0,027 0.029 0.027 0,002
C 0.02 1 0.024 0.02 1 0.003

0.035 0,025

9 Pneumatic Segmented Shroud B 0.027 0.029 0.027 0.002
C 0,021 0.024 0.021 0.003

b A  Screw The-c-ad Actuated Shroud B 0 027 0.029 0.027 0.002
C 0,02 1 0.024 0.021 0.003

18 Bellows Actuated Shroud B 0.027 0.029 0.028 0.002
C 0.021 0,024 0.023 0.003

31 ‘rhermal — Case Cooling A 0,02 1 0,009 0,015 0.011
B 0.006 0.003 0.005 0.002
D 0.020

32 Heated and Cooled Supports A 0.030 0.025 0.025 0.0 11
1) 0.035 0.025

22A Air Tube Case Heating A 0.014 0.006 0.010 0.01 1
B 0.008 0.007 0.007 0.002

33 Cam Actuated Shroud A 0.030 0.029 0.029 0,01 1
11 0.027 0.029 0.027 0.002
C 0.021 0.029 0.02 1 0.003

3.5 Insulated Air Deflector -5 0.017 0.00.5 0.011 0.011

38A Thermal — Fast Response Shroud A 0.030 0.019 0.025 0.011

~Leeee rs t ks ignate Seage Group ings As Follows:

A HPT I and 2
B IIPC 10.13
C = HPC 6-9
t) = I.PT - All

Open loop wntrols ut i l ize  more comprehensive engine operating information and a mathe-
matical model of the eng ine clearance as a function of operating conditions in order to set the
clearances at more than one operating point. This typ e of system requires that the clearances be set
and held at some intermediate position dep ending on the operating point and that the linkage or
actuation scheme has a high positional accuracy betwee n stops.

Feedback control assumes that the clearance between the blade tip and the outer airsea l is
continuously measured during the mission. For the purposes of the study such a clearance sensor
was assumed to exist and to have sufficient accurac y, althoug h no estimate could be made of its
LCC. Feedback control also required that the ACC scheme be capable of hi gh positional accuracy
with little hysteresis.
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2.2.3 Control Type Evaluation

Inaccuracies in positioning multi-position or variable mechanical ACC devices in engines are
typ i~ally ±10 mils at best due to tolerances in the linkage and device. The large temperature
excursions , significant loads , and severe environment prohibit micrometer accuracy in working
engine parts. To avoid repeated rubs the best average close-down achievable would then be 10 mils
less than the maximum available . Based on the clearances available for close-down at cruise
(Table 6), the positioning inaccuracy is fully 33 to 100% of these available clearances. Even at the
lowest fi gure of 33% (i.e., available clearance = 0.030 in.), one-third of the available benefit cannot be
achieved because of positional inaccuracies. In addition , a review of the mission profiles shows that
only 11% of the transport and 31% of the fi ghter missions can benefit from more than simp le- on -‘off
controls. On the benefits side alone , it costs more to have active feedback on mechanical syste ms
than can be gained. Considering the additional weight , cost , maintenance , and development
required for such schemes, anything other than on ‘off controls are undesirable - for mechanical
schemes.

Pneumatic segmented shrouds are onl y applicable to on- off controls for the reasons given in
the scheme descri ption section. Open loop and feedback controls are conceivabl y app licable to
pneumatic bellows but the regions of the mission which can benefit from it are small , and the
development costs and operating penalties associated with the system must be accounted for. Case
controlling ACC thermal schemes cannot utilize open loop or feedback control to track clearances
because of their slow response. Thermal schemes can potentiall y utilize advanced controls to set
different steady state clearance levels at different fli ght points. The special fast response thermal
schemes can utilize more advanced controls and have intrinsically more accurate positioning than
the mechanical or pneumatic schemes. These schemes may be cost effective in the hi gher control
modes provided the required range of clearance control is always available , and ovalization due to
circumferential thermal distortions can be osercome. The more sophisticated controls have addi-
tional problems beyond accuracy of control. The open loop system assumes that  an accurate
clearance prediction computer algorithm based on measured engine parameter inputs (N 2 , CET ,
etc.) can be formulated. A feedback control requires development of an accurate , durable , fli ght-
weight , field operational device to monitor clearances,

Open loop and feedback controls are capable of tracking chang ing clearances during transient
and steady state mission legs , while the on’ off controls are restricted to the steady state legs only. As
a result these higher level controls allow ACC benefits over larger portions of the mission then do
the on/off controls. An indication of the benefit for hi gher level controls over simp le on - off controls
is the additional time during the mission when ACC can be used if higher level controls are
employed. Table 18 gives a breakdown of the fig hter and transport missions showing the portions of
those missions that  benefit from each level of control. For examp le , on off controls can be activated
for 88 mm of the 155 mm mission , which corresponds to 57% of the mission time. By comparison the
open loop controls can be activated (or 117.5 mm of the 155 mm mission , or a total of 76% of the
mission time. The added complexity , cost, weight , reliabilit y , and positioning uncertainty of the
hi gher level control must  then be balanced against the performance and efficiency gains during the
additional 19% (76.57%) of the mission when open loop controls are activated and on off controls
are not. For some missions and cycles open loop controls may allow for ti ghter clearances over the
same mission legs.

The length of time during which ACC is activated is only one measure of the potential payoff
for hi gher level controls. A possibly more representative measure is the amount of fuel burned
during that portion of the mission when the controls are activated . This is a useful measure
par ticularl y for the transport where the A/C size and LCC are more closely tied to the amount of fuel
required. An estimate of the actual amount of fuel saved , or the reduction in A’ C size or LCC with
higher levels of control is not possible without rederiving the mission and LCC trade - factors for the
improved performance with higher level controls. This task is beyond the scope of this work.
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.\ti est imate of the benefits can be made , however, by considering what portion of the fuel is
burned on which legs. The hi gher level controls allow ACC to be ac t ive  on more mis sion legs , h e-rn c-
during more - fuel burning.  The greater the percentage of the total fuel burned with  a panic ular levd
control act ive . the greater the payoff for that level of control.

fable  18 lists the portion of fuel burned dur ing which ACC is on , for the di f ferent  levels of
(ontrol .  For examp le , on off controls on the fighter are activated dur ing  69% of the fuel burn ing ,
w h i l e  open Loop controls can be activated during 76% of the fuel burning. The added cost ,
comp lexity wei ght , rel iabil i t y , and positioning uncertainty of the hi gher level of control must  be
balanced against the performance and efficiency gains during the additional 7% 76-69% portion of
the ’ fuel burned when the higher level of control is active.

Feedback control concepts do not appear to be justified for this study because the portions of th~
missions where - the additional be -ne -fits can be achieved are small ,  and the loss in positional accorac. ’.
may be a s ignif icant  part of the total close-down avai l abl e - . This conclusion is mission and cycle
dependent and needs to be re -evaluated for ea h appli at ion , particularl y in the selection ofon off
open loop controls.

2.2.4 Control System Schemes

Descriptions of the - control system schemes developed to control each of the f inal  12 ACC
schemes follow. Schematics of these control systems are- given in Fi gures 55 to 63.

Control A. This scheme provides the control system required for the ACC scheme No. 5 in
whic . h the whole hi gh spool is shifted by moving the main shaft  thrus t  bearing support axia l ly .  A
‘~-h ematic of the - control system is given in Figure - 55. Due to the high torque requirements , an air
motor was se-Icc ted to provide the - driving force -.

Modulate-Pneumatic
System

Open-Loop Control

Command To ACC

:~~~~~~~ 

F/B 

Hr
M0t

~~~~~~~~~~~~~~~~~~~

_ _

~~~

Figur e 55. Control A for ACC Scheme No. 5

The’ large 1or~~- required to move the - rotors calls for a ball screw type actuation system with  a
larg e - motor. Careful consideration must  be given to actuator fai lure modes since failure to properly
pos ition the -  low clearance rotor could result  in catastrop hic failure.

The rotor t h r u s t  bearing may require a close evaluation since the motion created by the
ac tua t ion  system may induce durabi l i ty  problems not previousl y seen with  the design.

The conf igurat ion Ie-nds itself to closed loop control wi th  actuator position feedback for
,n ’ urau ’ positioning of the rotor shif t  mechanism.
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Control B. Thi s  scheme (Figure 5tj ~ will satisfy the requirements of ACC concepts No. 6A. 8.
b A . and 33. Me-c hanica l linkage-s are used to shift the compressor and turbine shrouds. A schematic
of this  control is shown in Fi gure - 56. Dual feedback is incorporated for increased system to lerance - to
failures. The control system funct ions  by positioning an external  unison ring wh ich  I ’, me-c hani-
call s connected to the shrouds. The desi gn of the lever and screw downstream of the - s~ nc r ing w i l l
determine the effectiveness and accuracy of the concept.

Closed loop control can be easil y incorporated by measuring actuator position. Posit ioning
uncertaint ies  due to tolerance bui ldup  in the - dri s  e system must be accounted for by incorporating a
dead zone into the feedback loop.

Control C for Scheme 9. This control , as shown in Figure 57, utilizes an on off solenoid
operated pilot valve to supp ly hig h pressure 13th-stage air. This air back-pressures the movable-
shrouds forcing them to a smaller diameter. ~ ‘hen the actuation pressure is vented the internal
pressure returns the shrouds to the max imum diameter thus increasing the blade clearances.

The control sy stem is limited to on- off operation because of feedback problems arising from
the use of compressor exit air.

Control 0. ACC scheme 18 relies on the use of a th inwal l . oval tube (bellows > to support and
position a set of shroud segments. The pressure required to inf la te  the metallic bellows exceeds
compressor exit pressure (by up to 400 psia) . An alternate source of hi gh pressure air is required.

The controls were powered by an airframe mounted high pressure nitrogen bottle (3000 psi)
similar  in size to a scuba diver ’s air tank (see Figure 58> . Bottled air can be used since the system is
closed , and the onl y air expended is in venting the system. The size of this tank should provide for up
to 50 svs te - rn cycles (activated only during steady state cruise conditions) and still provide 50%
pressure - reserve capacity in the tank. Pressure regulation is accomp lished by an electricall y con-
trol led pressure regulating valve - .

Precision of control will be diff icul t .  The actuation pressure wi l l  act against the spring rate of
the bellows and internal  air pressure. The latter can be measured and supplied to the electronic
control.  The spring rate of the bellows will vary with temperature, hence with eng ine stage and
fl i ght point. A temperature can be sensed but the uni t - to-uni t  variation of basic spring rate and
change of rate with temperature may be significant. This system is best suited to on -‘off or closed
loop feedback controls.

The requirement for an engine mounted hi gh-pressure system may add considerable develop-
ment  risk to this scheme. The high pressure air bottle is subject to puncture and rupture during
combat and this may have an unacceptable failure mode for fighter application.

Control F for Scheme 35. This control , as shown in Figure 59, uses a four-way solenoid
operated valve to position a set of hydraulic actuators. Position indication , if required, can be
provided to the airframe although a mechanica l system primarily requires on/off control.

Control F for Schemes 22A and 31. The control system as shown in Figure 60 for the cooled
case scheme is similar to the one used on current commercial P&WA engines. Control of air bleed is
accomplished by means of solenoid operated pilot valves.

Open ioop control , with either a two-position air suppl y valve or a modulated valve, would be
difficult but depending on the mission and engine utilization could be valuable. The number of
combinations of cooling airflow rate and temperature and resulting time-delay shrinkage of growth
of cases would make accurate location at many fli ght points difficult. Either an on/off or clearance
feedback signal would be prepared for this scheme.
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Electrica l
Input  

______________________

from
Controller

Compressor
Discharge

Air Supply
-.-- To ACC Mechanism

Vent ~

2-Way
Solenoid Operated

Pilot Valve
FO ~677 7 9

Fi gure - 57. Control C for ACC Scheme No. 9

Modulate-Pneuma tic System
Pressure Sensor Open Loop Control

~~ F~~~~~~~l~to

:g
~e _ _ _

ACC Bellows Mechanism

:i: ~~~~~~~~~~~~~~~~
~~ Airframe Mounted

High Press. (2200 psig) GN 2 Supply
Airframe or Engine Air Pump

~ O t77405

Figure 58. Control D for ACC Scheme No. l8
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On/Off Hydraulic  Actuation
System

________________________ To Controll erElectrical Command from Controller I ____________ 
d A f

—1 an ir

Posit ion Indica tor
( if Reqd)

Hi gh Press.

_ _ _ _ _  r~i 
~~u4FfA

Low Press.

Hydraul ic
Actuator

FO 1 6 7 7 8 1

Fi gure 59. Control E for ACC Scheme-s~ No. 22A . 31

On/Off Pneum atic System

____________ Cooling Scheme Heating Scheme
Weight 7 lb 4 lb

Cost S800 $800
Rel i ab i l i t y  13.000 hr  at io~ EFH 6.500 hr  at ~~~ EFH

Electr ic  Signal f rom Controller Response <1 sec <1 sec
Accuracy Not Applicable Not Applicable

Risk Low LowCooling or Heating Air

To ACC Mechani sm

FO 177406

Figure ’ 60. Control F for ACC S hemes No. 22A . 3l

Control C. Scheme- 2 1 A re quire -s two 3-way solenoid operated valves to provide the airflow as
shown in Figure 61.

The system operates as a modified on oil control wi th  two different  on positions. During the
hea t ing  mode-. 13th-stage ai r  is bled by the heating valve , circulated through a manifold , and
exhausted through the cooling valve. During the cooling mode, 7th-stage air follows the re-verse
path.  Eac h val ve - also provides positiv e airf low shutoff for mission points where ACC is required to
be off .
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Control H for Scheme 38A. I h i~ con t ro l .  .~ -, sho~ n in F i ~~ij r c- ~~~~. i~ .~ ‘,ar ~, i r i u u  of con t ro l  (, . ‘t

i ~~ and t empe ra tu r e  con t ro l  ~ d 1’. e pros id r ~ .t m i x t u r e -  of 7t h -  and I ~ ~~ ~~~~ a i r  t o  t h e  ‘
~ (.( ,

m a n i f o l d  to ~er t he clearance Ci-. n - qu ir ed.  Open-loop m o d u l , t t r d  ont ro l  is  pros ideci h~ sensor s t h a t
m o n i t o r  pre ssure  and t empera tu re  t~~r i i r f l o ~s ~i II U l . l t i U f l s

Prew and
Temp L ~ To Controller

~~n]~~~~~~~

M c ~~.,tec-Prreumat, c System
10th-Stage A,r ~~~~ -LOO p ~ Onlro~

I Airflow and I
E Iecvscai Temperature
Si~~ia ll1l from .—

~ 
Control and ( _ _  To ACC

Controller Preieure Req J 
Mechan,sm

I va~ e~~~ j

13th-Stage Air

Tip ___________ 
To —TI•••

~
I••••I•J——.

~ To
Sensor s Contro ller ____ ~~~~~~~~~~~~~~~~~~~~~~~~~~ ,_. 

Contro ller

Fi gure 62. Control H for ACC Scheme- No. 38A

Addit ional  f l igh t  conditions may be satisfied by providing blending ~.a1ves and t h u s  a more
co m plex control > . However , additional sensors and feedback control would be required.

This scheme would require a modulating valve and a throt t l ing valve to provide - ‘.ar iahl e  flow
from the two compressor stages.

Accurate measurement of air flow will be required in order to provide the desired control: this
may involve the use of in- l ine  orifices sized to provide the required flow and pressure and tempera-
ture sensors for flow determination.

This system wi l l  be more expensive and more prone to control system fai lure  due to the
increased complexity introduced by the variable flow valve and the temperature and pressure
sensors required.

2.3 MISSION AND ENGINE CYCLE SELECTION

The baseline fi ghter and transport engine and mission were determined by reviewing current
and advanced mission requirements , and identifying suitable - advance engines for those- missions.
Both mission and eng ine selection were based on guidelines dictated by program objectives and
practical limitations. These guidelines were:
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M i s s i o n  .S~ 1rct,o ~

- M issi ons  for both low b y pass ratio ( f ig hter)  and h i g h  bypass r a t i o ( t r a n sp o r t )
engines would be’ studied.

2. Missions would be indi -a t iv e -  of projec ted f u t u r e  requirement s.

3. (;~~~e-~ t f l eet  makeup and usage- would be weighe d .

4. Mis sion anal ysis would ix- available.

5. Projecte-d demand would be considered.

t.ng ine Select ion

1. Engine-s for both f igh te r  (LBPR )  and m i l i t a r y  transport  ( I I B P R )  would be
c onside-re ’d.

2. Engine-  geometry and p er forman ce -  would be in ( l i c a t iv e -  of advanced me - -
( f iurf ’mt-nts .

3 . J’.x i s t i r i g  t h e r m a l  ant i  s t r iu -tur al  mode-Is coul d  beadapted for use in dear anc e
d e n im  m a t ion.

Mission and engin e selection would he b-ased on the- above- r i t er ia  subjec t to the program
oh~e i ive - t h a t  an c -v a lua t ion  of the- net benef its of ACC at ross the-  rang e- of m i  l i t a ry  a i r c ra f t
aj~pIte :1110115 is eli - si r ed .

2.3.1 MIssi on Select ion

Con~ i~ t ent  w i t h  th ese- guidelines an d program ob j et f ive ’s , t he mis sions s t - l e e  ted were the
Ad van c ref I ; u t i c a l  Fighte r (A 1 1- ) and the  C-14 I rep la cement s lm; l t e ’g i a i r c r a f t .  1 }i(-sr a i r e  raf t
provi d e the  best m i x  of advanc ed near term appl i cat ionsand performanc e’ w i th  si g n i f i c a n t  projec ted
u sage , whi le -  being ge-n e-rall y representative of fig h t e r  and transport app licat ions . respev t iv e - l y .

Fighter Mission Selection. 1 h’ l igh ’er  miss ion s  re -vi e-we-cl for t h i s  s tud y were the- F-i , F-l i.
F - I S , F- 16 , F - l 8 , F- I ll A 1 J -  and VSTOL-B . A summary  of a i rc ra f t  s t a t i s t i (  s is  shoWn in f ab l e ’  7.
w h e r e  y earl y lea -I u sage- . s u e , mission and number of a i r c ra f t  inc l i ate the  re la t ive mission re qu ire ’-
m e r i ts  and h i d  onsuim pt i on  of the ’ various a i u r a f t .  As is apparent  fro m th i s  table, f ighter  ; i iu  raf t
us age - in t e rms  of fta- l consumed is e-xpe e-te-d t el be’ b a lan ce -t i  w i th  no ofle’ a i r  raf t  dominat ing .
P ote ’n t i al l y s i g n i f l (  ant L(X benef i t s  (or ACC are ’ not p r i m a r i ly  i d ent i f ied  wi t h  any  one air ( raf t
.ul on e ’ nor w i t h  any  one par r ic  ul ar  mission.

[h e F - l i , I- - IS and F- 18 am -rafts are fixed productio n desi gns which would be limit e ( I  to
r e t r o f i t t i n g  of the ACC sc heme’s. -Selection of one of these air craf t  as the ’ baseline unfa ir l y penalize ’s
AC(~ in an e-v al t i a t i on by fbi a l lowing I t i l l  advantage of the performance improv e-mer its to he’ taken.

I se- oh the - n e x t  ge ne ration of airc ra f t  as the - baseline -allowed fu l l y in tegrat ing the ACC into the
design. 1t i i s  re-s t i l ted in the - a ircraf t  engine being re siu -ei and rem an-bed in response’ to improve-
ments.  1he n ext  generation f igh te r  airc ra f t  considered were the ATF and VS’FOL-B. The’sc air raft
~ir r  envision ed to hav e- :u mul t i -miss ion  role and may be required to perform deep strike and/or
bat t i rf ie ’fd iii terd ic l ion.
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TABLE 7. LOW BPR CANDIDATES (FIGHTER)

_______ _______________________ 
BPR < I 

_____ _____ _____ ______

Yearls ’t
Wet ghl Fuel

r af t  .‘~1u.uio, i f .ng ine K lb BPR I V S In ventory ( .ua~ e-M gal

M u l t i - R o l i ’  Fi ghuer T F3 O -P- 4I 2  59 0.9 10€ 520 250
Air Superiority Fig hter FI00 4 1.5 0.6 65 729 200

t - i 6~ ~.4 u )n-Role  Fighter Fl00 25 0.6 75 1S88 260
A l  F Sur i k e . ln ue rd u t i on  Fi ghter-Bomber — 50 0.5-0.8 90 (1000 ) 190
V S t O t . - f t ~~ V i t l o .ut t ak e-Oft — — 0.5-0.8 100 —

•lit ( u r n -n t Pmi,di .u i t t  in

Iii i t t  .-~p~u lui  au t h u

t R E k  1 SAF ( ocu ~uruei P l a n n i n g  Fa ton s

I he ’ .-~. I F , a f ixed wing single - eng ine aircraft  in the 40,000 to 50.000 TOGW class , is envisioned
to have ’ e i t h e r  a de-e’p strike - or battlefield interdiction mission. These missions are- shown in Fi gu me
63. The’ deep strike mission consists of a cruise -leg, the -n a h ighera lt i t ud c ’  supersonic-dash to comhat ,
am id re turn.  The bat t l e fi e ld interdiction mission also has a cruise leg, but performs a low-alt i tude
supersonic dash to combat , and return.  Aircraft  designed for the latter missions are- some-what larger
in order to perform the - low a l t i t ude  dash , hut  are- capable- of performing the ’ deep strike - missicin as
we ’ll .  The’ b a t t l e f i e l d  in terdic t ion mission is the -n the - more - general and wi l l  be-considered re-presen-
t,i t u se  of A I F  usage’. By comparison , the - VSTOL-B does not appear to have- suf f ic ient  development
en def in i t ion  at th i s  t i m e  to he considered as a realistic ne-ar term app lication of ACC.

Ih e’ ArE would provide - the - earliest potential opportuni ty to app l y original equipment  ACC
to a r e ’p re - se ’ntat tv e - fi g h t era i rcraf t .  The ’ projected usage -and number of such aircraft  is suflic ie ’nt for
ACC bc ’iu-(its to s i gn u f i c a r i t h  imp act ove-i-all f i ghu-r fleet operations if ul e ’arance control prove-cl
fue- r ie f ie  ia {. Based on the  above ’ considerat ions , the detailed mission profile used in the -  s tud y is
shown in Figure 61.

Transport Mission Selection. I he’ Mi l i t a ry  fransport s re-viewed as possible transport mis-
sion for  t h i s  s tu d y i nc luded  the - E4A ( 74 7) airborne command post , the C-(4 1X strategic transpor t .
t h e- YC-l  I 15 t a c t i c a l  tr anspc rt . the B-52 . and the KC- 135 tanker. The C- l4 1 X is a wide body C-li  I
s i m i l a r  r i  t i n -  CI5B . but  wi th  a larger fuselage- . The-cargo box size- is increased for outsize -payloads.
1 lie- f i r s t  t h r e e- app l icat ions would be new aircraf t  wh i le  the - last two would be re-engined exis t ing

a ir  ra f t .

f a b l e -  8 f i s t s  th e -se ’ a i rcraf t  along w i t h  design and usage informat ion .  As is apparent from this
f i gure ’ , uhe -  (1 -lix and B52 ce mbin e-d ar e -  expected to account for nearly 70% of the fuel usage , a result
e,f t h e i r  be ing  large ’ inventor y,  four-eng ine ’ aircraft  wi th  long missions.

Acicli I i e in a i  f a c t o r s  c (Inside -red we -r e - that  the C- 141 X Program is thought to be a more likel y
an c l id a te ’  for prod uction t h a n  the - modified B-52 at this  t ime , and that benefits due to efficient

in i p rove -m en t  in a r e-engineering app lication (B52)an ’ si gn i f ican t ly  dif ferent  than in a new aircraft
dc-si gn C I - l l X )  where the air craf t  structure can be re-sized in response- to engine performance -
improve ments.  App lication to a new aircraf t-engine provides a more- realistic evaluation of the ’
la ne - f i t s  elf .\CC than  does a r t i f i c i a l ly  re ’qui u ing the - ACC to operate- on a vehicle ’ designed for some
ouhe ’r level of e n g ine performance ’ or efficiency ,

Based on the - h igh fuel  usage , new aircraft  app li ation, and expec ted mission application , the
C l - f i X  m ission was se-Ic-c - ted as the ’ hig h bypass rat i o appl i ca t ion  of th is  study. The detailed engine
ut i l i z a t ion  and mission profile use d in this  s tudy  are’ shown in Fi gure 65.

A s u m m a r y  of .\ 1 F a n d  C l - f i X  base- air c raft information and ground rules is given in Table’ 9.
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Figure 63. ATF Mission Profiles
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Figure 64. ATF Utilization for ACC Study
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rABLE 8. HIGH BPR CANDIDATES (TRANSPORT)

____________ 
8PR < 

________ _____ ______ _______-

~~ Yearl y t
‘so .  F n g z n e  Pr oj ea,’d F uel

— 
-I to ra ft  Sit  i s  y in Fn g u n s -  -i ( BPR t i ’ s I n s e ~~torv I s ag e- SI gal

F .  1.-S 7 1 7 ,  .-‘t i r h o u i i u- ( :o rnj n a n d  Post J I91 )  I S I 129 3 —

(.-i -i l X 5  Sir -auegtu  t ransport — I 5+ 126 277 650
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Figure 65. Transport Engine Utilization for ACC Engine Study

62

~~~~~ 
—

~~~~~~~~~~~~~~~
- 

~~~

--

~ 
~~~~ 

“ ,
, 5_

—,. —-- — - ---
~~~~ 

-.. - ~~~~“ 
- .,- ,~~~~-.. -‘—--- . - ~~~~~~~~~~~~~~~ ~~~~~~~~ ~~~~ - 

__
~~~~~~~~~~

- — - — ~~~~~~~ ‘~~~~~~~~~~ “-



TABLE 9. BASE AIRCRAFT INFORMATION

______________________________________ 
ATF C-IIJX

TOGW , lb 50,000 381.000
OWE . lb 26,390 150,000
Payload 5,000 68,000
Total Fuel 19 ,000 163 ,000
W/S 90 126
No. Engines I 4
BPR 0.56 5. 1
Max SL Thrust/Eng 27,700 24 ,300

No External Fuel Used
OWE — Weight Empty
W/S — Wing loadi ng

Ground Rules:

.tiZZ _____

Fixed Mission — Rubber Aircraft Rubber Fixed Mission — Rubber Aircraft Rubber
Eng ine Eng ine

5000 lb Payload Dropped Prior to Combat 68,000 lb Payload
P , Og at 3gTurn at 30k/0.9Mn Field Length = 8000 U

2.3.2 Engine Selection

Summary. The- base engines selected for the fi ghter and mili tary transport app lications were
an advanced F 100 derivative , and an advanced transport engine with an F 100 derivative core. These
eng ines meet their respective program requirements , selection criteria , and have the added advan-
tage of having the same core. This allows the basic structural analysis and incorporation of the
individual schemes into the core to be common to both app lications. The different base engines and
missions did , however , generate different required clearances for the ‘~wo applications.

The advanced Fl00 selected for the study used the inventory Fl OO geometry with the exception
of a modified compressor case. The engine is a twin-spool augmented turbofan with a 3-stage fan ,
10-stage HPC, 2-stage HPT , and a 2.stage LPT. The compressor case was modified to closel y tie the
blade outer airseals to the loca l position controlling case structure. This allowed more ready
adaption of the large variety of ACC schemes uncovered.

Advanced transport eng ines built around the F100 family core engine provide the required
advanced performance , analytical models, and system trades required for the study. The perfor-
mance levels in TSFC, thrust to weight , and bypass ratio of these transport engines are comparable
to the projected advanced transport engine levels of the near future. Using an Fl 00 derivative engine
has the additional advantage that  ACC schemes drawn , weighted , priced , and otherwise evaluated
in one core engine are directly applicable to the other engine. Differences in gas path conditions due
to different performance points (M N , ALT, PLA), low pressure compressor configuration , and HPC
and 1-IPT interstage performance are accounted for,

The transport engine selected is a I-stage fan , 5-stage LPC, 10-stage HPC, 2-stage HPT. and
5-stage LPT design with a BPR of 5.l.The modified HPC case is again used to facilitate incorpora-
tic)fl of ACC.
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2.4 SCHEME DRAWINGS

I)etailed sketches of the 12 final concepts were drawn into the base engines to provide working
sketc hes from which LCC inputs (re l iabil i ty,  maintainabil i ty,  weight , and cost) and system effec-
ui v e ’ne ss could be determined. The actuation loads required to overcome static loads and generate
the  required transient response were calculated , All linkage and load transmission members were
then sized based on these loads and allowable materials. The materials requirements were deter-
mined from estimated maximum operating temperature - and loads , and by analogy to materials
used in urren t production eng ines under similar environments.

A sketch  of each scheme- shown in each app licable component was generated. An index to the -se
ske tches  is given in Table 10 where the schedules are categorized by scheme and component.
Ske tc hes of each sc heme are shown in Figures 66 through 10 1.

Sketch es of linkages for mechanical ACC sche-rii e-s No. 5, 6A , 8, b A , 33 , and 35 are shown irs
Figure -s 102 through 107. Required actuator loads are given where appropriate.

2.5 EVALUATION CRITERIA

2.5.1 Overview

The evaluat ion cri teria selected to rank the ACC concepts were - based on LCC improvements to
a new en gine-a ircraft  desi gn.

Component or e n g ine effid encs improvements due to ACC result in a reduction in the size of
the air r aft- eng ine sy stem whi le  s t i l l  meeting the same- mission and pay load objectives. This

~*pproac h ptos ide’s th e ’  most rcpre se ’ntativ e- eva lua t ion  of ACC be c ause it allows the - base aircraft and
c-ng ine to lui ls  in orporate the performanc e benefi ts  of ACC in the design.

~FABI.E JO . INDEX TO SCHEME SKET(:HES*

( urn pressor  Turbine

(;or e F. ng un e F ug hter
Transpor t  and Transpor t  F i g hter Tram port

I) r s e ip t ion  S~ hern e l .ow h i g h Seal H ig h 1.ow 1_ow

.-SxIal Rotor Shift  S — S~ u~ 
— S~~~1 — —

.-S x ial  Shroud Sh i f t  es _ S ‘s~ S_ ~ ~ — S i t  S i t
Su ra p- l vpe- Shroud 8 S~ , S~~ S 1 I — S 14 ~~t 4

Sus-w I hrt -ad Ausiai ed IQA ~~ ~~~~ S~5 — ~~~ 7 ~ t u i t 7
Cam Ac tua t ed  33 

~~ ~~I 92 l )  — 
~ 2i ~ 

S~ S~
Pn eutna i i c  ..Sct uated 9 ~~~ S~~ — — 

~ 25 S25
Bc-lIe ,w A - iuat ed 18 S.~, S.,7 S28 — S27 S27
Mo~ahle Heatshield 35 — S~~ — S~~ S~~ Sn
Air Tube . Case Cool- Heat 3I , 22A — ‘s uo . 5I — S12 — —
Heat - Cool Shroud Support 32 — S~~ — S,~ S,~ S~~
Heat Cool R i n g  Support 38A — — — S~~ — —

* ‘5  stands for tha t  sketch number whi c h shows a ss heme adapted to a part icular com ponent. Sketches 1-36
appear n i  ig uresbbuhrou g h 101 . S2 1 would be ih r eesk eu h e s (N o s 2 . 3 and4 )wh ic hshowth eaxia l rotor s hi it
s heme Nc,. 5> adapted to the HP C .
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AI SI 347
Steel

Aluminum
AMS 6260

Gear

Cast Aluminum

CD 167788

Fi gure 67. Scheme No, 5, Rotor Shift , Right Angle Sketch No. 3

.5
5
’

•0 -rrn

Figure 68. Turbine Rotor Shift Stages I and 2 Sketch No. 4
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_ _ _  
_ _ _ _ _  

J1~~~~~~~~~L 1~~~~~~~~ ThL~. _ _ _

Fi gure 69. Scheme No. 5, Compressor or Rotor Shift , Stages 4 through 13,
Sketch No, 5
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No. 6A
Transport Eng ine

Aluminum Boost Stages 2-6

t~CIear. = 0,030
t~iL/Stage - 0.36 

-

Steel

5 — —

I
S — —
S —

A luminu m

Ti-6-4 Linkage ~/, Size Aluminu m
• 3 Actuating
• 3 Idler

CD 167792

Figure 71. Scheme No. 6A , Transport Eng ine , Boost Stages 2 throug h 6, Sketch
No. 6
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NO. 6A

~~Rad Clear . = 0.030

~iAxta l Motion -0 .150
~ L/Stage = 0.300 

5th
Except 4th and 5th Same Stage

Steel
(Stage 4 .5) 430 SST

(Stage 6-8) INCONEL 718

i L ~
T~~ 4 _ _

Ti-6-4 fl
Bracket
(6 Reqd)

Idler Link
3 Reqd

Actuator
Link - 3 Reqd

ro e’ si

Figure 72. Scheme No. 6A , Sketch No. 6
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AR ad Clear. = 0.020
~ A uaI Motton - 0.300

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1th~~~~~~~~~~~~~~~~~~
Stage INCONEL 718

~~~~~~~ ~~~~~- ~~~~~~~~. __
I I  I

I NCON EL 718
\— INC ONEL 7 1S  Links

\ 3 Actuating
\ 3 Idler

“— I N C O N E L

to ,.cr~
Fi gure 73. Scheme No, 6A , Rear Compressor Stages 9 through I 1 , Sketch No. 8
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AClearart ce = 0.020
lAx i a l  Movement - 0.200

I N C O N E L  718

CD ‘6~~~5

Figure 7 1 .  Scheme- No. 6A and 30, Sketch No . 9

R ~~~~~~~~~~~~~~~~~~~~~~

Fi gure ’ 75. S heme - No . 6.-s . Re-ar Compre ssor Seal Linkage , Sketch N c> . 10
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ARad Clear . = 0.030
AAx la p Motion - 0.300
LL Stage = 0.300

- 
/ -

~~~~ ~~~~~~ 1) 
~

~~~~~~~~~

~~~~~L .

- INCONEL 718
• 3 Actuators
• 3 Idler

CD 167797

Fi gure- 76. Scheme No. 6A , LPT , 2 Stages Sketc h No . I I

~~~~ \ \ \ Vanes \ 1 Epoxy Fill

4th \
Stage

0

Aluminum Cases

Aluminum Shroud
Not Shown (See Compr)

• Steel Rod
• Titanium Lever

FO 187798

Figure 77. Scheme No. 8, Low Compressor Stages 2 through 6, Sketch No. 12
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FO 167800

Figure 79. Scheme No, 8, Compressor Rear Seal , Sketch No. 14

4th
Stage

Aluminum
8 Segments

AISI 321 Steel Aluminum

17-4 PH
Steel
16 Reqd

Ti-6 -4
16 Reqd

FO 1671t3

Fi gure 80. Scheme No. b A , Low Compressor Stages 2 through 6, Sketch No. 15
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AIS I 430 (4 , 5)
INCONEL 718 (6-11) Sh rou d .

WASPALOY ( 12 . 13) 8 Segments

5th

17-4 PH Steel (4 ,5) 
IINCONEL 7 18(6-11 )

WAS PALOY( 12 , -13)

1~1 Increased Dia

Ti-6 Ring (4-9)
LI INCONEL 718 Ring (10-13)

INCONEL 718
16 Levers

INCONEL 718
ro ~~~~~~

Fi gure 81, Scheme No, b A , Compressor Stages 4 throug h 13, Sketch No. 16
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10.0 RAD Waspaloy

~~~~~~~~~~~~~~~~~~&~~~~~~~~~~~~~~~~~~ ir 1J
INCO 718 

J=
•S
1LI=.;t

Waspaloy
8 Segments

INCO 718

Waspa loy INCO 718
16 Reqd

CD 167816

Figure 83. Scheme No. b A , LPT Stages 3 and 4, Sketch No. 18

~~~~~u1 “ 4~ \ 
, ,  

Incone l.X

\ \.\_ - 
~~Ti-64 Shroud Ring, Lever, Vane

Ti-6-4 Case 
Same as Base Line

Ti 6-4 Ring
,o ,~7u.’

Figure 84. Scheme No. 33, Compressor Stages 4 and 5, Sketch No. 19
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Lef ~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ S U

Stages 6-11 Use INCO 718
Stages 12,13 Use Wasp

FD 16 781 8

Figure 85. Scheme No. 33, Compressor Stages 6 through 13, Sketch No. 20.

- 
_ _ _ _ _ _ _

INCO 7 18 -~~~

Seal (Wasp)
0.010.012

INCO 718 I~ S.

(AM 355) A286 A5744
4 Places

PD lVI~9

Figure 86. Scheme No. 33, HPT Stages I and 2. Sketch No. 21
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Shroud
12 Segmts

~~~~~~~~~~~~~~~~~~~~ a~s/R ng 

~
:‘Reqd)

(4 Reqd,
FD 167820

Figure 87. Scheme No. 33, HPT , Sketch No. 22

Aluminum
(8 Segments/Stage)

Epoxy Fill

4th
Stage

Aluminum

Seal

347

8th-Stage Bleed

Ti-6-4

FD 167821

Figure 88. Scheme No. 9, Low Compressor, Sketch No. 23

80

_ _  _  
I ;

- 
— 

.
~ 

5-.- - ‘.•
~~~~

..-..= 
T 

-

I

w —

~
- — — —v— -p.,— ~ ,. - 

~~~~~ 
,-,.,.. 

~~~~~~~~~~~~~~~~~~~ —~~~r— 
q- ~o—.—*~J . ‘ - — — 

- —.- —=--.- --=-- .—~~~ 
___

~~~~h.



0 0 ~~~~~~~~~~~~~~~ ~~~~~~~~~ 
-:

c’~~ 1r~~~~~~~ U)
I I  U)
ii N
I I  q’ 00

I X  ‘
~t I I ‘r~~I I I ~~~It A ~~I~~ 

‘
~~~ I I

CD
( 

—

- - - _ _ _ _  -

— .—. - .~~, ‘8. - ‘
~~~~

‘
~~

$—‘- 
~ ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ .I_._8~~,,-~

l,. .____ ___,_ 
*==‘~~Cw_.. r .__ _ 

~~~‘ : ‘
~~~~~ !-



WASPALOY 

- - - -

Rings

WASPAL OY
Hollo w Metal Seal

INC ONE L 7~~
,
”

Case

WASPALOY

Compr
Discharge

CD 167923

Fi gure 90. Scheme No. 9, LPT Stages 4 and 5. Sketch No. 25

RTV Silicone 4th p— Epoxy Fil l
Rubbe r

~~~ 

—J
,

~~~~~ 

\~~~ 
Aluminum

AISI 302 (4 Segments)
0.020 Sheet

I
CD 167824

Figure 91. Scheme No. 18, Low Compressor, Stages 2 through 6, Sketch No. 26
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rk 5th
( Stage 10.OR

INCONE L- X
Sheet - 0.040 A
8 Segments

4 M a nif
~~~~~~~~~~~rcONEL.X

Branches/St ages 0.020 Sheet — -
~j A

Section A-A
INCONEL
4 Tubes

CD 167825

Fi gure 92. Scheme No. 18 , Compressor , Stages 4 throug h 13 , Sketch No . 27

6 Segments
INCONE L.X

~~~~~~~~~~~~~~~~~~~~~~vv

INCONEL 718 I

INCONEL

CD 1678db

Fi gu re 93. Scheme No. 18, Rear Compressor Seal (2 Position),  Sk etch No. 28
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0.100 Longer
Each Stage

INCONEL 718
Stages 9.11

WASPALOY
Stages 12~13 _______

11th
Stage

INCONEL 718

WASPALOY Ti-Tubes
Stages 12 and 13

CD ‘6~e2B

Figure 95. Scheme No. 31 , Sketch No. 30

0.100 Longer
Each StageI N C O N E L  718

Stages 9-11
WASPALOY
Stages 12 and 13 ______

11th
Stage

IN C O N E L 7 1 8 
~~~OO~~~~

WASPALOY INCONEL Tubes
Stages 12-13 (A ir from LPT Exit )

CD 167829

Figure 96. Scheme No. 22A , Compressor Stages 9 through 13 , Sketch No. 31
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Haynes 188
(Typ) MAR -M -509

c~J Feath e~~
,
,2 %~j~~

’ I

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~eqd 
2 Sectio ns/R ing Station
2 Collectors/Sys tem

F D  1678 30

Figure 97. Scheme- No. 31 (22A), HPT Stages 1 and 2, Sketch No. 32

INC O N E L  718
Stages 9.11 

~~ I N C O N E L  718

/ / :‘-—
~, / WA SPA LOY

10. 00 ra d ~~~~~~ 

9 t h  / ~~~~~~~T~-~~~~~~ ~~~~~~~~~~~~~~~~~~- L.. 

A ~- l N C ONEL 7 18 --

~ I 
~~~ I Sheet (0.030) ./ r ’I 

/ Spli t  A i r  Duct
/ A ir Va lve

2 Reqd

Dump tov Sect A-A - (Typ) 
Fan DuctDump to 36 Places Total

Fan Stream

Fi gure 98. Scheme No. 32 , Sketch No, 33
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r— Compr Disch
(Separate Supply
for Cooling)

INCO 718
10.0 RAIDlnconel-X Seal —

PWA 647-1 2 Reqd
(Ref F100) IN 100

INCO7 18— ~
Mm K Insulation

~~~~~~~~~~~~~~~~~~~~~~~~~~~ Compr D~ch~ SLTO Vane

Bleed - Cruise
‘
~—INCO 718

Fi gure 99. Scheme No. 32, HPT Stages 1 and 2, Sketch No. 34

NO. 39

HASTAL OY-X ~ / /INCONEL 718

WASPALOY —’ INCONEL 718

INCONEL 718 ¶
FO 167833

Fi gure 100. Scheme No. 32, LPT Stages 3 and 4 , Sketch No. 35
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Ring - PWA 1015 (Hayness 188 )
(Alt - PWA 688 for Higher Temp)
No. of Cooling Holes ________

FlOG LI:~ 
r

~~~
h ::rnpr v!e~~~~

/\ 
:

~~~~~

18 
~~~~~~~~~~~~~~~~

Station 3 - 9 Reqd
Bleed Bosses

Support 4 Reqd
INCONEL 718 

P0 167834

Figure 101. Scheme No. 38A, Sketch No. 36
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Figure 102. Linkage (or Scheme No. 5
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Shroud (Ref) Pivot

l o

\ ~::: 
~~~~~

: 

~~~~~~~~~~~
7

~~~ Actuator

“One System”

System
“One System” Reqd for Loads

/ 1. LPC (Transpt) 5 Stages 940 lb

/ 2. LPT (Transpt) 5 Stages 940 lb

/ 3. HPC (Fighter) Stages 4-7 750 lb

/ 4. HPC (Fighter) Stages 8-11 750 lb
f 5. LPT Stages 4 and 5 1500 lb

/ 6. Rear Compr Seal
.9_I Three Actuators Reqd for Rear Compr Seal

FQ 1 67835

Figure 103. Linkage for Scheme No. 6A

Load
Load Stage

System
System Loads

Low Press. Compr 0

(5 Stages) 600 lb
HPC Stages 4-8 450 lb ~~~~~~ 1.75
Stages 9.11 500 lb Travel 0.33 in.
Stages l2 ,13 460 1b
Rear Compr Seal 160 lb Torque ube

LPT (2 Stages) 180 lb
LPT (2 Stages) 2 9lOlb
Transport (3 Stages) 3 1070 lb One Actuator for Each System

CD 167636

Figure 104. Scheme No, 8
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(to Sync Rings) ~~~~~~~~~ ,—~~~~~~~~~~ --- 

Stases

~~~~~~~~,
~~~~
.,— ~~~~~~~~~~~,0

0

0
Torque Tube Through Fan Duct

Total
Schemes System

Location No. 10 Loads

LPC (Transpt) All 580 lb
LPT (Transpt) All 1130 1b
HPC 4-8 1090 lb
RPC 9, 11 840 1b Actuator
HPC 12, 13 720 lb 2 of Each Reqd
LPT All 250 lb Per System

FO 167837

Figure 105. Actuation Scheme No. ZOA
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~~~~~ 1 ~~~~f

( / 

~.—r-~ 
3 Per Stage

2 Position •

Torque Tube -‘(
Total Thru

Location Loads \Fan Duct

HPC \
~~~~~~~~~ 

~~~~~~~~~~~
Figure 107. Linkage for Scheme No. 35

2.5.2 Evaluation Criteria Selection

Selection of an evaluation criteria requires identif y ing one or more performance or system
characteristics w hich are of importance and are affected h~ component improvements. The particu-
lar system characteristics which can be affected by component efficiency improvements are a
function of whether or not the design is a new engine aircraft or a retrofit application.

In a retrofit application the basic aircraft’engine size and weight are established by the
performance of t he baseline engine at the time of the initial design. Improvements from ACC
add-ons cannot affect the basic structural size or weight of the aircraft or engine. Therefore they
must be limited to smaller payoffs due to scheme weights or decreases in fuel required to accomplish
t he original design mission. With size , weight . and cost initially fixed, component performance
improvements must be used to improve mission parameters such as range, payload, fuel consump-
t ion, and thrust to weight. For this case appropriate evaluation criteria could be based on the fuel
reduct ion for the original mission, or on the improved range or payload, some combination of the
above or other factors. S

In a new engine-aircraft application a vehicle is to be designed to accomplish a set, predefined
mission. Component performance improvements at the time of design will allow resizing the basic
vehicle. This would result in significant cost and weight savings but would not affect the mission.
Evaluation criteria for performance improvements due to ACC on a new aircraft are based on the
resulting engine and aircraft weight and size reductions alone.
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The significant differences between the type and degree of expected pa’~offs that are created h~
the two different potential applications (new engine vs retrofit) require that the application be
determ ined before the evaluation criteria are defined. Consistent with the program objective of
eva luating ACC on advanced engines, it was determined that the most representative evaluation
wou ld result from considering clearance improvements on a new design for a fixed mission. To
eva luate ACC on a retrofit application would unfairly penalize the concept because of the reduced
payoff and the additional expense of redesigning and replacing existing hardware. By comparison,
application to a new engine allows the full potential of the ACC benefits to be realized by resizing
the vehicle to the new efficiency level and allowing overall integration into the system.

For the new engine application where the mission and performance are fixed, only the system
size, weight, and cost are affecte d by improvements due to ACC. The most representative measure
ava ilable to compare changes in these different areas is LCC. This parameter accounts for not only
the engineering, development , and procurement costs , but also for the system size and effectiveness
changes caused by added weight and the long term maintenance and reliability costs of operating
the engine and aircraft.

2.5.3 LCC Assessment

The overall LCC approach is summarized in the following steps:

I. Calculate the Baseline Weapon System LCC for each of the two applications.

2. Generate trade factors for system LCC vs engine weight and TSFC using
miss ion analys is models.

3. Calculate the incorporation cost increase from the baseline for each concept
using detailed weight, cost , reliability and maintainability assessments , and
the LCC Worksheet (Figure 108) to assure consistency.

4. Determine the performance benefit for each scheme using the trade factors
generated in step (2) and analytically ca lculated clearance improvements.

5. Combine incorporation costs and performance benefits to determine the net
LCC change.

The models and methodology used to perform the above steps are discussed below.

2.5.4 Active Clearance Control LCC Worksheet

An Active Clearance Control LCC Worksheet was prepared to facilitate the screening of a large
number of potential schemes for the two applications (Figure 108). This worksheet was used to
calculate the ~LCC from the fighter and transport baseline LCC for each concept. A brief descrip-
tion of each section on the worksheet is given in the following section, along with a worked example
in Figure 108.

Engine Development ~Cost . The additional development cos t to qualification is calculated
using the number of equivalent engines to Qualification Testing (QT) approach. The number of
equivalent experimental engines used in the formula varies with each application and the devel-
opment cost increase is prop ortional to the acquisition cost increase. There are 120 equivalent
engines to QT for the transport, and 150 for the fighter.
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BY __________

Unit __________ Scheme 20 OFighter
~~Transport

Concept: .‘ur Tubs’ Case Cooling
Stages: Fan ________HPC ________1-IPT ~ 2 LPT ________ Col on

Totals Table 15
Engine Development .~Cost (Baseline Size) 

- 120 3406 - + 2 044Cost to QT = (5) (Eq Exp Eng) (.~Cost) - ( )  - _______________

Engine Acquisition .~Cost (Baseline Size)
No. .~Cost/Stage Total

Stages Case Linkage Controls Cost

2 X( 1338 + ________________ = 2676
__________  + __________) =

_____ ___________ + ___________ ______

_____  _________  + _ _ _ _ _ _ _ _ _)=

Other ______________________________________________________________
1.3(i.~i~~Engines) .98 j

~$ 3476 = + $ 5 633 M II

Engine Maintenance Cost (Baseline Size)

Part Name B/D ~.k’106 % Discard Cost $/MEFH
_ _ _ _  _ _ _ _  x _ _ _ _  x _ _ _ _  = _ _ _

Case 0 36 x ________ x 268 = 9648.
Tubing a 15 x ________ x 772 = 11580

____ — _ _ _ _  x _ _ _ _  x _ _ _ _  = _ _ _

_ _ _ _  x _ _ _ _  x _ _ _ _  _ _ _

____- — ____ x _ _ _ _  x _ _ _ _  = _ _ _

____ — ____ x _ _ _ _  x _ _ _ _  = _ _ _

_ _ _ _  — _ _ _ _  x _ _ _ _  x _ _ _ _  = _ _ _

____ — _ _ _ _  x _ _ _ _  x _ _ _ _  = _ _ _

Controls B 77 x ________ x lao 7700

Total Spare Parts = 1.5 (...
~~~

..) (.!! ~~
6 MEFH) X $ 28928. = + $ .610 M

Base LaboT ()~B .
~~~~

_)  I ~~~~MEFH) ( ..iL....M MH) ($16) = + $ 2.047 M

Depot Labor = (AD .... ~L) (i.4.2~~ MEFH) 
~~~~~~~~~~~ 

MMH) ($26) + $ 3.033 M

5.89 M Ill

IV .~Wei9ht Effect on Aircraft
IV. LCC SUMMARY ~LCC

(_!~ ..) (.~I Ib/eng) ($_i.~ . MIIb) = S iaM Engine Development + $ 2.044 M I

V I Performance Effect on Aircraft Engine Acquisition ÷ $ 5.633 M II

(1.1 0.1 in.) ($50.5 M/.01 In.) = $ 55.6 M Engine Maintenance i- $ 5.690 M III

Parts +

NOTES: Base Labor + _____

Depot Labor +

Aircraft WeIght Effects $ ~~~~ P4 IV

Incorporation Coat + $ 18.257 
~ V

Aircraft Perf Effect - $ ~~~~ P4 VI

Weapon System Total $ 37.293 
~ VIII

FD168081
Figure 108. Life Cycle Cost Worksheet
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Engine Acquisition ~Cost. Standard manufacturing costs for each scheme were cak ulated on
a per stage ” basis. In this section, the case , linkage, and control costs were combined and adjusted
hs a factor of 1.3 to account for overhead costs and prof it.

The cost and weight estimates for each scheme were based on hardware sized for the base
rngines. The study engines were scaled to meet thrust requirements , and scaling factors were
applied to all cost and weight values to adjust for the correct baseline flow size. These factors are
inc luded in Table 11. For the given examp le, thecostof$l338 per stage is taken from Table 17 , Cost
Data (Summary).

TABLE 11. ACC LIFE CYCLE COST GROUND RULES

A ppl i cat ion

_____________________________________________________ 

F ig hf r r  Tran.cpoTt

Life c s c  Ic. sears 12 20
Number cci aircraft 720 256
F light hours year aircra Ft 300 700
Engines per aircra ft I I
t.ife c~~le engine flight hours , mi llions 2.592 11.336
Total engine quantit ’. 1137 1282
Exper imental engine cost production cost 5.0 3.0
Development cost tcc QT , equivalent experimental engines ISO 120
Engine price c ost raflo 1.3 1.3
Spare parts price c-oct ratio 1.5 1.5
Base level la bor rate , $ MMH $16.00 $16.00
Depot leve l labor rate. $ MMU $26.00 $26. 00
Site sca le factor , baseline FlO() 1.33 0.95
Weight s c a le factor , baseline Fl00 I I 0.98
Gist scale ac tors , baseline F 11)0 1 . 12 0.9$

Engine Maintenance ~Cost. Failure rate (~~A ) and required replacement time estimates were
combined wit h labor and parts cost to determ ine maintenance costs. The failure rates are shown in
Table 12 and the average maintenance hrs per scheme in Table 13.

Labor costs were calculated separatel~ for items replaced at the base and depot maintenance
levels..~~ labor rate of $16.00 per maintenance manhour (MMH) was used at the base level and $26.00
per MMII at the depot level.

~ Weight Effect on Aircraft. The additional engine weight resulting from the incorporation
of ACC hardware results in an increase in aircraft TOGW and therefore system ~ LCC. Trade factors
re lating aircraft TOGW to system .~LCC were applied to the engine weight change for each scheme
and each mission to determine the LCC increases due to ACC weight changes. The weight increase
for each scheme is given in ‘fa ble 14 , and the weight to LCC trade factor is given in Table 21.

Performance Effect on Aircraft. The effect of improved clearances on performance (hence
LCC) were generated for each engine application. The clearances are given in Table 6. and the
c learance to .~LCC trade factor in Table 20.

Combining the cost of development , acqu isition, maintenance, weight and performance gives
t h’  net LCC savings. penalty for each of the AC( schemes. This is done in the lower right hand
corner of the worksheet , w here each subtotal is taken from the appropriate previous section.
Included are the effes ts on the aircraft as well as the engine. The total weapon system ~ LCC was
then used to rank the individualschemes in order of payoff.
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TABLE 12. ACC SYSTEM RELIABILITY (~~X 1000
FLIGHT HR) FOR FIGHTER AND IRAN 5-
PORT

Ba.ce* I) ep ot **

5 Axial Rotor Shift 39 ft~

8 Strap Type Shroud 236 89
tiA Ax ial Shroud Shift 2 ) 7  180
9 Pneumatic Segmented Shroud 170 129

IO A S(re~ Thread 213 79
18 Bellows Actuated Shroud 15 293
31 Air Tube Case Cool 82 0
:12 Heated and Cooled Support 154 160
22A Air Tube Case Heating 158 0
33 Cam Actuated Shroud 200 145
35 Movable Heatshie ld 222 32
3$A Heated Cooled Ring 200 175

~Failure rate of items capable of being repaired at the base level
**Failure rate of items which must be repaired at the depot level

TABLE 13. MAINTENANCE TA SK TIMES FOR ACC
SCHEMES (IN DIRECT MAINTENANCE MAN-
HOURS (MMH))

,lvg Hour s fo r  Removal and
Replacement of Each Part

Scheme
Scheme Name Base Repairs Depot Repair. c

S Axial Rotor Shift 100 200
6A Axial Shroud Shift 106 236
8 Strap Shroud 102 229
9 Pneumatic Segmented Shroud 95 223

lOA Screw Thread 103 231
8 Bellows Actuated Shroud 97 228

31 Air Tube Cass’ Cooling 97 —

32 Heated and Cooled Supports 97 231
22A Air Tube Case Heating 97 —

33 Cam Actuated Shroud 106 237
35 Movable Heatshield 106 237
38A Heated Cooled Ring 94 157

p - 
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2.5.5 Life Cycle Cost Summary

f he 1.C(. est imates were generated for the 12 final sc hemes for both the t ig hter and transport
app lic at io ns using the model des rihed in the previous section and inputs from appropriate othet
s e c t i ons. T he net .~LCC estimates for these cases are shown in Tables 15 and 16 along wi th .c
breakdown of the respc I t ’ . c ’ costs and sa’. ings fc,r eac h scheme . The results ire grouped by mission
and tomponeflr an d a ranking based on ~ LCC a lone ts given.

A re’. tew of these results ontrast ing the payoffs for lighter vs t ransport , different components .
and different st hemes is des ri bed. Emphasis is on identif s ing the kr ’s dtff e renc c’s between groups
an d the main cai lsc of thes e differences. The’ net l.(X . can cc ,nv enien tlv he or isidered as ha’. ing is’ . o
par ts ,  those items ‘.s hich tri( cease the c s t  of the ss stem ‘‘costs side ’’ and those wh i h decrease the ( O~~ t

of t he s’ .ste m “s a s i ngs side In this studs the acquisition . maintenan c’ . an d weight changes s’. i’rr
‘ ( i )5 t 5  (in all sc hemes nit  in re ,ssc in l.CC cc ’.rr the haseline , and the efficienc y improvement due
to improved ( lr’aran is  ‘.‘..I’. rh. onl% ‘ sav ings ’’ , item net (l e ( r. asc ’ in IL(. o’ .c r the baseline) .

The ‘ sa’ . ings and c c , ’ , t S  for .,~ c Ii s heme . in I.C(. dollars . are given in Tabies 15 and 16
‘I hese tables ha ’ .r’th rc ’e main~~t lt imns the ‘ ‘

~~ csis ’ ’  Column V) , the ‘‘ sav ings ’’(Co lumn VI I, and t he
‘ IA.(. change (.cdiirn n Vii 1 he’ ~~c st  column Column V I sums all the penalties resulting from
incorporating a p.irti uI,o .\( .(. si h i m .  it includes engine development ost .s (Column II .
.i( quisit ion C o s t s  (.oliirtin II tf l . t i tt lef l , I f lc e ( os ts  1.o}umn III), and weight costs Column IV .  ‘f he

‘ sas ings column list ’, I.(.(. sav ings c v i r the baseli ne for performance improvements which result
from the tig hter running .. i t , It o  i s  possible with ACC. The ‘ LCCchange ’’ co lumn gives the total
[.CC. change (corn the cc .cv. ’ l t tu  • ngini’ fin incorporation of each ACC scheme.

Fighter v s Transport. ~ e it her application shows a strong payoff for ACC throughout the
engine although both can benefit si gnificant ly from particular schemes applied to the high
pressure turbine . I ’he marginal to sirongls negative payoff for ACC on all other components in
both app lications is due to different factors in each case.

On t he “pena lties ” s ide see previous paragraph for a descri ption of benefits ( sav ings and
penal t ies  c o s t s ) ) ,  t he total LCC for a particular scheme is roughly the same for the fighter and
transport applications although the weight contribution is much more important on the fighter
than the transport (5:1 and approximatel y 40% of the total) while the maintenance contribution is
more important in the transport t han the fi ghter (5: 1 and approximately 40% of the total) . The
acquisition and engine development costs are typ ically 40 to 50% of the LCC tncrease for all
schemes.

On the “benefits ” s ide the transport has no significant “benef its ” except on the F{PT. The
lighter, however , has significant “benef its ” in all components. This occurs even though the overall
trade factor ~LCC .~c Ir is nearl y tw ice as large for the transport as for the fighter. The difference is
that little clearance is expected to be available for closedown on the transport at cruise on
components ot her than the HPT. The Transport Clearance prediction represents the minimum
clearance available with advanced future transports. The primary reason for the small available
c learances is that the baseline assumed the best available bearing arrangements, rotor designs, and
generally optimized the design for minimal clearance while operating the engine at an efficient
high power during cruise. Current and near term future transports can have significantly larger
c learances than the conservative values of this study, as discussed in Section 2.11. Considering these
as representat ive of current engines and an upper limit on advanced transports , the net i~LCC
payoff for such transports were calculated assuming current and near term projected clearances.
The net ~ LCC payoff for these clearances increases to the SI OOM range on the transport for some
schemes. The clearance and payoffs available are then expected to fall between these limits and show
a significant net payoff available for ACC on future transport aircraft.
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TABLE 15. ACC LCC SUMMARY FIGHTER APPL ICATION*

Line on F igure / 08 1 II iii I v  t ’ vi vii
Eng LCC P erf LCC

Scheme Stages Devel + 4CQ + Ma, nt + Wi = Cost — Savings = Change

HP C Stages 6-9
Axial Shroud Shift 6A 6.9 +25.9 +51.0 +4.4 +26.7 +108 0 —28.4 +79.9
Str,Ili Type Shroud 8 6.9 + 8.7 + 17.2 +2.7 + 9.8 + 38.4 —28.5 =+ 9.9

Pneumatic .Seg Shroud 9 6-9 + 4.7 + 9.3 +3.2 + 7.5 + 24.7 —28.4 — 3.7
S~~ew Thread Act. Shroud IOA 6-9 +30.2 +59 6 +4 5  +23 8 +1 18.1 28.4 +89 7
Bellows Ao. Shroud 18 6-9 + 11 . 1 +21.9 +58 +20 5 + 59.3 —28.5 +30.8
Cam Actuated Shroud 33 6.9 +20.3 +40.1 +4 .1 +24.6 + 81.1 —28.5 =+60.6
!IPC’ Stages / 0. 13
Axial Rotor Shift 5 ALL +25 3 ÷49 8 +33 +70 4 + 148.8 —65.0 +83.8
Axial Shroud Shift 6A 10.13 +25 8 +50.8 ÷ 4 5  +34.0 ~l 15 , 1 —36.4 +78.7
Stra p Type Shroud 8 10.13 + 8.7 + 17.2 +2.7 +10.6 39.2 —36.4 =+ 2.8
Pneumatic Seg Shroud 9 10.11 + 2.8 + 5.5 +2.0 + 5.0 + 15.3 —20.6 — 5.3
Sc rew Thread Act. Shroud IOA 10.13 +30.4 ~~~~~~ + 4 5  +23.9 +118.8 —36.4 +82.4
Bellows ~~~~~ Shroud 18 10.13 +11.1 +21.9 +5.8 ÷20 5 + 59.3 —36.4 =+22.9
Sir Tube Case Cooling 3! !0.t3 + 5 ?  + 102 +0.4 ÷16.0 + 31.8 — 3.9 =+27.9
Heated and Cooled Supports 32 10-13 +11.4 +22.5 +3.5 + 16.8 + 54.2 — 3.9 =+5O.3
Sir lube (jase Heating 22A 10-13 + 5.2 + 10.2 +0.7 +21.5 + 37.6 — 9.2 +28.4
(.am Actuated Shroud 33 10.13 +20.4 ÷40.3 +4.1 +24.6 + 89.4 —36.4 +53.0
!1PC Rear Seal
Axia l Shroud Shift 6A Rear +11.4 ±22.5 +2.3 + 14 .7 + 50.9 Negligible Concepts

Seat
Strap type Shroud 8 Rear + 6.0 + 12.0 +1.7 + 8.8 + 28.5 Savings Rejected

Seal
Bellows Au Shroud 18 Rear + 2.4 + 4.8 +3.4 +14.4 + 25.0

Seal
III’ 7 ’ Stages 1-2
Ssi.~l Rotor Shift 5 1-2 +25.3 +‘i9.8 +3.3 +70.4 +148 .8 —83.6 =+65.2
Si r I uhi’ (.aw’ ( ooling 31 1.2 + 2.9 + 5 , 8 +1.0 +27.3 + 37.0 —43.6 6.6
It iated and Cooled Supports 32 1-2 + 1, 1 + 8.2 +2.0 +2 1.4 + 35.7 —72.8 —37.0
Air ‘fube Case h eating 22A 1.2 + 2.9 + 5.8 +0.9 +23.8 + 33.4 — 8.1 + 15.3
Cam Actuate d Shroud 33 1-2 + 10.8 +2 1.4 +4.0 +2 1.2 + 57.4 —83.5 =—26. l
Me,sa hle tIeaishield 35 1-2 + 9.2 + 18.2 +1.7 + 15.2 + 44.3 “— 32.0 + 12.3
Heated Cooled 38A 1-2 + 9.1 +18.0 + 3 4  +29.9 + 60.4 ‘-55.9 ~ 1.5
Ring Support

i.PT Stages 1 and?
Ileated and Cooled
Supports 32 .~~

. I + 10 + 7.9 +2.6 + 12.9 + 27.4 —25.2 =+ 2.2
Strap I spu’ Shroud 8 3-4 6.9 13 .6 1. 7 9.3 31.5 —25.2 =~ 6.3

*;5 di sc option of eai’h olumn is gis’en in Sec lion 2.5. 1, andan exp lanation of how they arecombined is given in Section 2.5.5 
-
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TABLE 16. ACC LCC SUMMARY TRANSPORT APPLICATION

I.tne on F igure / 08 1 II Iii II ’ I’ vi vu
Eng LCC P erf LCC

Scheme Stage.c Deve l + ACQ + Ma in i  ± WI Costs — Savings = Change

!IPC .Stage.s 6-9
Axial Shroud Shift 6A 6-9 +18, 1 +50.0 +24.2 + 4.8 + 97.1 — 6.2 = + 90.9
Strap ‘t ype Shroud 8 6-9 + 6.1 +16.8 +14 .7 ± 1.8 + 39.4 — 6.2 = 4 33.2
Pneumatic Seg Shroud 9 6-9 + 3.3 + 9.1 + 17.2 + 1.3 + 30.9 — 6.2 = + 24.8
Sc rew ‘t hread A ( t .  Shroud lOA 6.9 +21 1 +58 3 +24.4 + 4.3 +108 1 — 6.2 +101 9
Bellows Act. Shroud IS 6-9 + 7.8 +21.5 +31 3 + 3 7  + 64.3 — 6.2 + 58.1
Cam Actuated Shroud 33 6-9 ~l4.2 +39.3 +21 9 + 4 4  + 79.8 — 6.2 = + 73.6
HP(: StageS  /0-1 3
Axial Rotor Shift S ALE. +1 77  +48.7 ÷17 .1 412,6 + 96.4 —104 = + 86.0
Axial Shroud Shift 6A 10-13 + i80 +49 7 +24.3 + 6.1 + 98. 1 — 4 .2 = + 939
Strap ‘Ispu’ Shroud 8 10-13 + 6. 1 +16.8 + 14 .7 + 1.9 + 395 — 4.2 = + 35.3
Pneumatic .Seg Shroud 9 10.11 + 1.9 + 5.4 ±10.7 + 0.9 + 18.9 — 2 4  = + 16.5
Screw ‘fhread Act.  Shrc,ud 10A 10.13 +2 1 3 +58.7 +24 4 + 4.3 +108 7 — 4 2  = +104 5
Bellows S i t ,  Shroud i8 10-13 + 7.8 ÷2 1.5 +3 1.3 + 3 6  + 64.2 — 4.2 = + 60.0
Air ‘lube (,~s~’ Cooling 31 10-13 + 3 6  + 10.0 + 2.0 + 2.9 + 18.5 — 4 .2 = + 14 3
Lledied ati d Cooled Supports 3~~ 10.13 + 80 +22 ! +190 + 3.0 + 52.! — 4 2  = + ‘17,9
Sir ‘lube Case Fts ’al irt g 22A 10-13 + 3.6 ~ 9.8 + 3.9 + .3.9 + 21.2 — 4.2 = + 17.0
(am Ai tu.stt d Shcs,ud 33 10.13 +14. 5 ÷39 4 ÷22 1 + 4 1  + 80.5 — 1.2 = + 76 1
I I P C  Rear Sea l
,Ssial Shroud Shift 6A Rear + 8.0 +22.0 +12 .5 ± 2.6 + 1 5 1

Seal
Strap fsjx’ Shroud 8 Rear + 12 + 11 .7 + 9.1 + 1 6 + 26.6 Negli gible Concepts

Seal Sasings Rejected
hi-Il ,s~s ,“~ t . Shroud 18 Rear + 1 .7 + 4,7 ÷18 I + 2.6 + 27 ,1

Sea l
IIPT Slage. s 1.2
.-Sx tal Rotor Shift 5 1-2 +17.7 +48 7 + 17. 1 +12.6 + 964 —55 5 = + 409
Sir ‘

~~ tibe Case Cooling 31 1-2 ± 2.0 + 5 6  + 5 7  + 4.9 + 18.2 —55.5 = — 37.3
Heated and Cooled Supports 32 1-2 + 2.9 + 8.0 + 10.8 + 3.8 + 255 —55.6 = — 30 1
‘ s i t  lube (.,ise Heating 22A 1.2 + 2.0 + 5 6  + 4.9 + 4.3 16.8 —55.6 = — 38.0
( alit A~~ is ated Shrou d 35 1-2 + 7.6 +20.9 +2 1.4 + 3.8 + 53.7 —55.6 = — 1.9
\t~,s ,.ble Ils’ats hti’ld 35 1-2 + 6.5 +17.8 + 9 4  + 2,7 + 36.4 55.6 = — i9 . 2
1l”ats d (:x~led 38,5 1-2 • 6.4 +1 76  + 1 5 1  + 5, 1 + 17 5 —55.6 = — 8 I

Ruiig Support
I!’ ’!’ St age s 1. 7
Strap Ispi’ Shroud 8 3-7 + 68 +1 86  +17 . 1 + 2.0 + 44 .8 —37 3 = + 7 5
I lt’ati’d ,tiid (Rxult’d
Supports .32 3.7 + 4 4  +12.0 +22.7 + 5,5 + 44.6 —37.3 * 7 1

‘Sir I subs’ Case Cooling SI  3-7 1. 4 12. 1 2.1 3 6  + 29.8 —22.2 — 7 6

•A dc’sertption cit each cc,lumn isg iven in Section 2.5.4. and an exp lanation of how they arecombined tsgise n in Section 2 5 5
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Component Comparison. The net pa~of f for ACC on different ( o)mponents generally follows
the same trend for the fighter and transport app lications. The per stage net LC(; inc reast ’ for a given

heme ( i.e. penalties side) does not v ar y significantly for different components. although the iOst
for components requ iring activation of more stages (HPC vs HPT) will be higher. ‘T he primary
drivers for differences in payoff are the differences in clearan o’s as ailable for closedown and ~ LCC
vs c learance influence coefficients. The influence coefficients are generally in the ratio of 2 :4 :1 for
the l’IPC:HPT:LPT respectively, on both the transport and fighter. The clearance ’s depend on
mission and sc heme. For the fighter the maximum available clearances are all in the 0.020 to
0.040 in. range. w hile for the transport they are generally in the ratio 1:1:8 . IIPC:I”JPT:I.P’r
respect ively. This is a result of the clearances available for closedown (in the HPT and HPC being
sma ll (0.011 and 0,003 in. respectively) compared to the present day transport engine.

The HPT application is the most promising for both missions primarily hi’s ause this
component has the largest payoff per in. of clearance and a large as ai l,ihle dc’ ,sr .irn.’ to losedown.
The transport has a larger number of effective clearance control sc hemes bec. tuse ’ of i t s  higher
inherent case thermal responsiveness and larger LCC to clearance trade.

App lication to the HPC did not show a significant net ~ LCC benefit fr,r an’s heme in either
the lighter or transport. The lack of payoff is due to si gnificantl y reduced trade fa m r s  (compared to
the 1-IPT) in the fighter , and the combination of smaller trade factors and small available t learances
on t he transport. Current and near term advanced transport engines show similar trends , w here
s ignificantly less clearance is available for ulosedown in the compressor than the turbine. t’sing the
current and near term advanced engine clearances as an tipper hound on the clearances available
there would be a net Z~LCC savings for some clearance control schemes on the transport compressor.
The net payoff would increase if the controls could be combined wi t h the tOj i l iols of similar ACC
schemes elsewhere in the engine to ellminate unnecessary duplication.

f’he low pressure turbine s hows a small payoff for some schemes in both the fighter and
transport applications. The lack of a signif icant payoff was due to the small trade (actor (typtca1l~
I 4 of 1-IPT value > for this cot~.ponent. It was only because the clearance closedowns were so large
that any benefit was achieved.

Application of ACC to the LPC and compressor discharge seal was considered on preliminary
rev iew, it was found unattractive because of the combined larger costs and significantly smaller
payof fs of these applications as compared to the other components considered.

2.5.6 Scheme Comparison

A compar ison of the net I~LCC for different schemes shows that for a given component ,
sc hemes of a similar type (mechanical , pneumatic, or thermal) generally performed the same. There
are important exceptions to this, however, particularly for schemes that were not capable of closing
down c learances over the full range available. The schemes that paid off did so generally because
they were lighter and simpler , yet just as effective as the less desirable schemes. The principal
differences were on the penalty rather than the benefits side. The only schemes that were benefits
limited were the low pressure cooling schemes on the fighter.
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2.6 WEIGHT SUMMARY

‘I’he weights for the 12 final ACC s hemes are’ summarized in Table II. The results are first
bro ken down by component , t hen the ease , linkage , and contro l contribution s are itemized for eac h
c o m ponent.

The met hod of calculating weights utilized similarities in the size , materia ls , and geometry of
stages wit hin each component. Within any one component , the stage-to-stage variations in size ,
weight , and geometry were sma ll. This permitted calculating detailed weights for representative
stage’ s . t hen scaling the weights for the adjacent similar stages. The stages analyzed in detail were
}IPC stages 6 and I I . HPT stage 1 , and LPT Stage 3.

The detailed weights were calculated from the design sketches shown iii Figures 66 through
101. In addition to the weights summary, the key contributors to the increase in weight for each of
t he ACC schemes have been identified in Table 14. ‘I’he weight of materials replaced by the ACC
sc hemes was in all cases subtracted from the weight penalt~ charged against each ICC scheme. A
rev iew of the we ights given in Table 14 shows a large scheme-to-scheme variation with a net
increase for all schemes.

The heaviest scheme is the rotor shift scheme at ~ wt = +88 lb. For the high pressure turbine, the
rema ining schemes all fall between 19 and 37 lb. No single factor (case , linkage, or contro ls) is the
predominant contributor. The control weight is typically being 20 to 40% of the total, while case
modifications account for 10 to 50%, and the linkage from 7 to 70%. No one type of scheme (thermal
or mechanical) is predominantly heavier or lighter than the other.

The ompressor and LPT do have some applicable schemes with significantly lower weights.
These schemes are the pneumatic shroud (scheme No, 9 at 9.4 Ib>, and the cinch shroud (scheme No.
S a t  13.3 Ib).

2.7 R ELIABILITY

A summary of t he reliability estimates on the 12 final schemes is shown in Table 12 where the
re liability penalty above the baseline is given for each s :heme. The reliability estimates were based
on t he mean time between failure (MTBF) for every piece of new hardware required for each scheme.
‘The MTBF is inversely proportional to the reliability index 1~A (failure per 1000 flight hours). The
estimates were generated by considering the historical failure modes of each part and then assessing
for new modes. Base failure rates for parts analogous to Fl00 parts and having similar failure modes
were determ ined from data. These failure rates were adjusted for mechanical complexity and for
number of applications. In cases where no failure rate data was available, engineering judgment
and historical data were used to form reliability estimates. Analysis indicates that in those schemes
requiring either valving or diameter changes induced by thermals , the largest reliability drivers
were the valving systems and the case cracking by thermal stress. This conclusion is borne out by
ACC experience on P&WA commercial engines .

The controls reliability contributed significantly to the overall reliability detriment for all
sc hemes , genera lly half or more of the to tal.

The failure rates for the 1-IPT shown in Table 12 range over a 0.1 3<~ A’(0.40, om itting the rotor
sh ift scheme. This scheme is the least reliable and is not characteristic of the other mechanica l
schemes. In general, t he thermal schemes are si gnificantly more reliable than the remaining
mec hanical schemes (l3<~ XTH [RMA( <22) versus 2S<~~A MrcHANt(.A( <3S). This degree of reliability
does not eliminate the mechanical schemes from consideration.
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2.8 MAINTAINABILITY

A summary of the maintainability requirements of the 12 ACC schemes is shown in Table 13.

The maintainability assessment was based on time required to remove and reinstall the
required item. Because it was usually an insignificant part of total maintainability, time required to
repair subassemblies once they were removed from the engine was not a direct factor. Disassembly
was assumed to start from a complete engine, and included the time required to remove the engine
and the surrounding modules from the affected area. It was further assumed that if one part was
repeated on several stages of a component, all of the -,imilar parts would be replaced upon
disassembly for failureof any one of the parts. This was no: .~ driving assumption since the majorits
of the ma intainability cost was incurred in engine subassembly removal to expose the failed part.

This approach is conservative because frequently parts identified as having failed no longer
met som e to lerance (riteria due to wear and did not fail catast rop hica lls causing the system to
ma lfunction. Replacement of suc h “failed” parts often occurs upon rout ine engine teardown for
maintenance or for teardown due to catastrop hic failure of some other part. Costs generated for
“fa ilures ” of such parts should not require that the full cost of engine teardown and rebuilding be
credited against the failed part in question.

A detailed evaluatton of which parts would fail and in what modes and thedegree to which the
teardown costs should be credited against each scheme is beyond the scope of this work. The

F c~onservative approach of assuming that an entire teardown is credited against each failure was
adopted.

2.9 COST

An itemized brea kdown of the original equipment cost for t he 12 schemes is listed in Table 17.
I his breakdown gives case , linkage, and control costs for each component application of each of the
12 sc hemes.

In developing t hese estimates representative stages from each component were selected for
detailed ana lysis. Costs of adjacent similar stages were scaled from these detailed estimates by
ons idering the size , material , and geometry differences. The stages analyzed in detail were HPC

stages 6 and 11 , HPT stage I , and LPT stage 3. The costs were developed from Figures 66 t hrough
101 for t he representative stages. In some of the schemes one part served several stages such as a lever
arm, torque tu be, or air bleed manifold and tube. The cost of such items was computed then equally
distributed over the affected stages. In all situations the cost of assemblies that were replaced by ACC
assemblies were su btracted from the cost of the ACC assembly. Generally these costs were not
significant.

A review of the results shows a significant variation in the costs of the various schemes , with t he
‘os per stage w ithout controls ranging from $960 to $580l for the HPT. This is without considering
the $39,500 cost of the axial rotor shift scheme which was more than twice as expensive as the next
nearest sc heme. Differences in controls costs were significant and tended to further increase the
spread. For the two stages of the HPT the least expensive scheme costs $3500 per engine, while the
most expens ive costs nearly $l3 ,000. These differences are significant to the overall LCC of the
system. Thermal schemes were generally much less expensive than the mechanical schemes since
little or no modifications were required of the’ core structure. An exception to this is the thermal fast
response r ing that required substantial core reworking and consequently cost nearly as much as the
mec hanical schemes.
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TABLE 17. COST DATA (SUMMARY)

Location Case Linkage Sub Controls Total

~c’heme t) esermp ii on 
________________ 

$ 5 Tota l $ $
5,37 Axial Rotor Shift HPT I&2 7,059 12,430 19, 489 11 ,000 30,489

HPC 10-13 7 ,059 12 ,430 19.489 11 ,000 30,489
30 Shift HPC 10-IS 9,776 14 ,904 24 ,680 6,000 30,680

HPC 6-9 9,929 14,904 24, 833 6,000 30,833
8 Shroud FJPC 10.13 4 ,388 1 .77 0 6.108 6,000 12, 108

29 HPC 6-9 4 ,388 1 ,77 0 6, 108 6,000 12, 108
LPT 3.8 6, 120 2,095 8,215 N A l4 ,2 15

9 Shroud HPC 10-11 2.314 N A 2,314 1 ,000 3.314
HPC 6-9 4,628 N A 4 ,628 1,000 5,628
LPT 3.8 8.670 N A 8, 670 1 ,000 9,670

I O. ”t Actuated Shroud HPC 10-13 15 ,068 14 ,904 29.977 6,000 35,972
HPC 6.9 5,068 14.904 29,972 6.000 35,972

7 Shroud HPC 10.13 11 ,248 N A 11 , 248 2,000 13 .248
28 HPC 6-9 11 ,248 N A 11,248 2 .000 13.248
20 Air Tube Case Cooling lIFT I&2 N A 2,676 2,676 800 3,476
20 F HPC 10-13 N A 5,352 5,352 800 6, 152
2 1 Heated & Cooled Supports 1-IPT I&2 N A 1 ,920 1 ,920 3,000 4 ,920
32 HPC 10.13 N A 10 ,616 10,616 3,000 13,616
39 HPC 6-9 N A 10, 616 10, 6 16 3,000 13.616

LPT 3.8 N A 5 4 .405 3.000 7 . 405
22 Air Tube Case HPT 1&2 N A 2 ,676 2, 676 800 3,476

HPC 10-13 N A 5,352 5.352 800 6, 152
33 Cam Actuat ed Shroud HPT l&2 5,280 1 ,6 16 6.896 6,000 12,896

HPC 10-IS 15 ,000 3.328 18. 316 6,000 24 .316
HPC 6-9 15,000 3,328 18,3 16 6,000 24,3 16

3’, Movable lIFT t i~2 9,902 N A N A 1 , 100 I i .002

~~ 
Heated Cooled lIFT l&2 5,880 1 Oj S 8$O 5,000 10 ,880

TABLE 17. COST DATA (SIGNIFICANT DRIVERS) (Continued)

\‘ic,nher Description Com ments

.‘5xi~,I Rotor Shift, Compressor , Turbine Outside’ drive linkage is 35% of cost

6A Axial Shroud Shift , 4-8 Compressor “T’ ses’tion ring under shroud is 1.5% of cost
Axial Shroud Shift. LPT Shroud and Case is 50% of cost
Axial Shroud Shift , Rear Compressor Seal Seal ring assy is 45% of cosi

tOA Sc rs ’w- ,~i Shroud, i.p’r . 3 - 4  Case is 30% and shroud seg 33% of cost
Sc re vs .A t Shroud. Compressor 6- I l  Case is 30% and shroud seg 29% of ost
Sc revs ‘Ac t .  Shroud, Compressor 12.13 (~ase is 32% and shroud seg 27% of cost

I~ Bellows .Act. Shroud. Compressor 1- IS Case is 33% anti bellows 37% of s c ) s t

‘II Air Tube Heat Cool. Compressor 9-IS Footed v s strip vane iv 73% ccl cos i

22A Air  ‘lube Heat Cool , HPT I~2 From JT9D estimated val v ing is 55% of cost

33 Cam.Act. Shroud, HPT 1-2 Vane configuration change is 60% of cost
Cam -A’ t ,  Shroud , Compressor 4-5  Actuator ring is 55% ot ost
Cam-A rt Shroud , Compres sor 6-IS A ctuator ring is 55% of cos t

35 Movable Heatsh irl d , lIFT 1.2 Heats htel d .csss “, are ~2% of cost

38A Heat Cool Ring Support , lIFT l.2 Chang ed vane fee t is 28% ansI su pport ring 26%
of i i~st
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Design of the thermal schemes gener.tl l% assumes little or no case modifi(ations, Addit ional
modifications may , however, be required to eliminate the stresses that arise when the c ooled outer
cast ’ attempts tocompress the st i ll’warm inner case adja ent to the gas path. The effectiveness of c asr
t hermal schemes and the Cos t  of internal modifications required to achieve additional clearance
changes would have to he car .ully detc’~mined on an applhation-by-app lication basis.

2.10 SCHED ULING

The level of control required for each leg of each mission was evaluated to determine the
benef its of higher levels of control. The type of controls and schemes applicable to a given leg of
either mission depend on bot h the numbe r of different clearance levels required in that leg and the
rate at w hich learan ts ’ changes must be accomplished to avoid rubs.

‘rhe missions were divided into legs based on the minimum level of control (on off , open loop.
or feedba ck) required to accomp lish the available clearance benefit for each leg. The missions
shown in Figures 64 and 65 were div ided into steadv ’state cruise . steads - state c limb, and transient
legs. On off controls were assumed to he applicable only to the cruise legs , open loop controls to
bot h cruise and SS climb, and feedback controls to the entire mission. Based on the transient thermal
ana lysts it was further determined that the engine requires approximately one minute to reach
stea dy-state learances after an acceleration and five minutes after a deceleration transient. The time
to reac h equilibrium was subtracted from the stead y-state and climb port ions of the missions when
determining the time over which the ACC could be applied. Table 18 lists the breakdown by time
and fuel usage for both the fighter and transport missions over the stead y-state cruise port ion,
stea dy-state cruise and climb portions, and the entire mission.

A review of this table shows that for the transport mission, 89% of the fuel and 93% of the time is
spent at SS c i  uise where simple on~ off controls are sufficient. Open loop feedback allows operation
during on1~ an additional 5° of the fue l burned (99-89%). and full real time clearance measurement
and feedback a llows savings during only an additional 11% (100-89%) of the fuel burned over the
on off mode of operation. Near ly 90% of the total benefit of ACC can be accomp lished with a simple
on off system.

For t he fighter mission . Table 18 shows that on:off control is feasible during 69% of the fuel
burning and 75% of the total mission time. While this figure is substantiall y less than for the
transport. t he majority (nearly 70%) of the mission based on fuel consumption is spent where on “off
contro ls are applicable. Only an additional 7% of the fuel time is spent at SS climb, while fully 31% is
spent dur ing climb or transient operation. Significantly larger portions of the fuel time are
avai lable for fully modulated feedback control in the fighter mission compared to the transport
mission, but there is little opportunity for open loop control in either mission when the clearance
avai lable does not vary over the cruise and dash port ions of the mission,

2.10.1 Influence Coefficients

Reductions in the baseline clearance for each ACC concept were translated into LCC changes
through the use of influence coefficients , These influenc e coefficients were generated using concep-
tual meanline designs of the affected components and expected mission and fleet usage profiles of
the engines and aircraft.

The algorithm used to relate LCC to clearance is shown in Table 19. This equation contains
two terms. The first relates clearance improvements to ALCC improvements through component
efficiency and thrust specific fuel consumption (TSFC) improvements. The second also relates
c learance improvements to ALCC improvements , but accounts for engine size changes required to
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resi/e thrust back to the original required level after component efficiency changes have altered the
engine t hrust. Values for each of the trade factors in this equation, for both the fighter and transport
app lications , are g iven in Table 20. These factors were generated for representative advanced fighter
and transport engines.

The ~ LCC effect of incorporating ACC schemes used to evaluate the given concepts would not
have c hanged signif icantly if the studs had been performed on other advanced cvc les because it is the
difference from a baseline and not the a bsolute level of LCC that is of interest. Another baseline cy cle
may have an overall baseline fleet LCC which is different from the baseline of this studs , but the
benef its of a given ACC scheme evaluated from either baseline would not be significantl y different.

TABLE 18. CONTROL ADVANTAGES
A dvantage,t for different levels of control , as measured b~ the fraction of miss ion

over w hich advantage.s can be gained .

Portion of Fue l
Mission Time Burne d During

With AC C ‘hits ,’ Which ,4CC Is On

Mis s ion  (m i n i  i l bi ~

Fig hter Miss ion

Total Mission 155 18.000

On. Off (SS Cruise) 88 57 12, 500 69

Open Loop (SS Cruise and SS Climb) 11 75  76 13 ,600 76

Feedback (Entire Mission) 155 100 18.000 tOO

Transport Mt.csion

Tota l Mission 700 153 ,600

On/Off (SS Cruise) 648 93 136 ,200 89

On/Off (SS Cruise and SS Climb( 684 98 144 ,200 94

Feedback (Entire Mission) 720 100 153 ,600 100

‘Refer to Sections 2.2.3 and 2.10 for discussions of this table.

,/
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TABLE 19. ~ LCC VS ~CLR ALGORITHM

Term I Term 2

~~~ 
— 

.~ ?7 ~CLR 

{ 

.~LCC .~TSFC [( ~~~~~~ )~] ,~LCC X 100% }
— 

~ CLR 0.010” .~TSFC .~~ ~~~~

r oi  vi = ~~~~~~~~ “ .~~
LC(’

HPT +

where

*

~CLR = s hange in component eff i ccen’v for 0010 in. clearance ch ange

* .~TSFC
= change in mission cruise dash ~s v g  15K. for 1% ~~

*

.~TsFC = change in life cv c l c ’  iosi for 1% .~ FSF(.

* ~ CLR
0 0 10 in = change in effected clearance per 0010 in

.~CLR
(for ,~CLR = 0.030 in, > 3)

* ~ LCC = change in fleet life cycle cost (mi llions of $~

change in thrust due to change in component efficiency

/_ _ _( ~~~~~~
F / — l = change in engine weight required to resize thrust bac k to original

level after efficiency change

x = exponent in thrust vs weight trade (assumed = I for this study)

.~LCC

~ %wt = change in fleet life cycle cost for a percent change in engine weight
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TABLE 20. INFLUENCE COEFFICIENTS

HPT
Stage ,, HPC HPC HP I .  LPT I,PT ”

Coefficient I and 2 10-13 / ( ) - / J  5-9 3-4 I ’S

I si iipcsnc’ni EU per 10 Mi)’. ..~ C1t’arance.~i~ 10 mils ..~CLR 0.86 0.44 0 25 0.43 0.29 i)  2)

Fig hter Trans port

Coef f ic ient  HPT HPC LPT HPT HP C I.PT

~~~‘ . 1 5 F f  s s  % Component Eff .~TSFC ~~ -0.60 -0 55 ‘0.12 .0 80 .1) 7)) - 0 8 )
.~~

‘. I hoot 2c% Component Ff1 .~Fn at .~~~ Fn Base 0.998 0.998 0.999 1,007-I I 0123

Fig hter Transport
Coef f ic t ent  i m i i i  (m c i

.~1 f t .  ..% IF S t .  .~ t .CC TSFC o6 67

..t I ( ( ..t ‘~ Engine tt ~ ,,tl .(.( % Wi 29 7

HP ( HP C H P T
.~t . ( ( .M i l l $  0.0) in CLR 6-9 10- l i  l and .? LPT

T.if l ’ .pcc rt -2 1.0 -20.6 -50.5 .14.9
fighte r - 13.3 -1 3.6 .29.1 . 7 2

*f ightc- r
I riri s picri

Influence Coefficient Ground Rules. The influence coefficients were calculated using the
mission and f leet makeup profiles and additional assumptions concerning scheme opera-

tion ,In(l performance of the engine. The significant assumptions for each trade factor are detailed
hcl 055

Component efficiency vs c learance (~~?7 ~ CLR) trades were generated for each stage of each
omponent. Based on the mission review conclusions that 70 to 90% of the fuel was used at the SS

f )Oi t l t s)  l0~ 0.9, 10k 1. 2, 35k ‘0.8), the performance trades were generated at these points. . UI three
v t  Ic points Ire at essentia lly t he same component operating condition, so a single trade factor for

t o  h omponent or group of stages represented the mission average influence coefficient of that
t c mpoflent for both applications. ( See Table 20.)

rhe trade factors were given as the average efficiency improvement over the entire component
even though the clearance of the entire component was not affected by the particular scheme. This
vv.is required in order to make the efficiency-to-clearan ce trade factor compatible with the TSFC
effici encs trade factor w hich applies to ent ire components only. The efficiency vs clearance trade

varies depending on w hether Just the blade tip c learance or the blade tip plus stator ti p
dearance c hanges. An y particular control scheme will operate in one or the other of these modes.

The [SFC vs component efficiency and engine thrust vs efficiency influence coefficients were
!nis’~ion average values based on the dash or cruise mission legs. These coefficients were generated
for each component for each of the two missions and accounted for cyc le differences between the low
bypass rat io mixed flow design of the fighter and high bypass ratio nonmixed flow for the transport.
The influen t’ coefficients were generated for the two different efficiency levels assuming constant
match , constant 

~~~~ 
V ,~. and constant CET. This approach is consistent with the assumed new

engine new aircraft application where the engine areas (engine size ) are varied with efficiency
c~hanges . rat her than assuming a constant operation line as would be appropriate for a fixed
geometry mature engine.
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‘[he engine thrust trade factor was applied for both miss ions even though the required thrust
level in the fighter mission was sized for the comba t point where AU. was assumed not to he
operating. This was done to account for efficient s changes at the cruise point affecting the thrust
requ ired at combat. For the flew aircraft application, improvements in c ruise TSFC will allow a
lighter air raft. hence less thrust wi ll he required at combat settings.

The LCC s-~ [SEC or engine weight trades were generated for the specific aircraft , miss ion, and
f leet assumed for each application. The particular models used were des eloped previously at P&WA
specif icalls for the ATF and CI4 IX applications. The mission average LCC influence coefficients
were generated assum ing the TSFC improvements were in effect on1~ on the dash and or cruise legs
of the respective missions,

The overall influence coefficients (fleet .~LCC vs ~CLR) listed in Table 19 were generated from
the above Ear tots using the equation in Table 20. A review of these results shows the transport trade
factors to be 50 to 75% higher than the fighter factors. Clearance improvements in the HPT are seen
to he about two t imes more effective than changes in the high pressure compressor and about four
t imes more effective than changes in the LPT for both missions.

2.10.2 Alternate Trade Factors

The conclusions of this study were based on the LCC benefits of ACC for a fixed mission.
Alternate approac hes to utilizing ACC efficiency gains in terms of improved mission characteristics
at a fixed L.CC may, however , he of interest. Alternate trades of interest are listed in Table 2 1.

TABLE 21. ALTERN.-’STE TRADES UF IN”r EREST

Factor Fight er Transport

TOOW 1% Engine wt 1-10 lb % 450 lb %
TOGW I lb Engine wt 3.3 lb lb 9.3 lb lb

TOc,W. t% TSFC 450 lb % 2700 lb %
Specific Range lb Fuel 0.13 nm lb Fuel 0.036 nm lb Fuel

2.10.3 Thermal Analysis

The thermal analysis conducted in support of the structural clearance cal~u1ation s utilized
ex isting thermal models of the engine case and rotor. These models were modified to reflect the
altered mission and performance levels of the baseline fighter and transport applications, as well as
specific modifications to model the functioning of thermal type ACC schemes.

The thermal analysis is performed using a computer solution to a modal ~ireakup of the
structure where the appropriate conduction, convect ion or radiation boundary conditions have
been specified on each node. The general analytical approach and the particular model used in this
study have been experimentally verified over a wide range of operating and environmental condi-
t ions, including both steady-state and transient operation.

The anal ysis was divided into baseline and modified environment sections. The baseline
ana lysis, performed for both the fi ghter and transp ort missions , ca lculated the thermal response
during transients and the temperature level at each state of the baseline structure with no ACC
modifications. Engine inlet conditions and detailed sta ge-to -stage variations in thermal environ -
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nit-n t were modeled ,Is w as  appropriate to eac h mission and the assumed engine performanc e level.
I his base line was assumed to represent the thermal environment of both a structure without an’.
ACC and a struc lure where mechanical .~CC sc hemes were installed. The thermal environment for
t he mechanical schemes was assumed to be the baseline environment. This was justified in that the
base line environment was not materiall y altered by the mechanical schemes, and any thermal level
hange effects could be factored out mechanically.

There were several significant differences between the transport and fighter baseline thermal
environments. These differences result from the fighter heing a ducted mixed flow turbofan where
the bypass a ir washes the outside of the compressor and turbine cases , w hile the transport engine
separated the core and bypass a ir bs an intermediate wall. The case thermal environment on the
fighter engine is controlled by the relativel y strong convect ive heat transfer generated by the
pressur ized hot fan duct air. By compar ison, the transport core engine cases see a relativel~ stagnant
hamber wit h low heat transfer to a very nearl y ambient chamber.

This difference in case environment results in the transport cases running warmer and having a
s lower response than the fighter cases. As a result , there is a more severe acceleration pinch due to the 4slower response . and a relat ivel y larger stead y-state operating clearance at cruise because of the
warmer cases.

For t he same supply air conditions thermal ACC schemes are potenrialls more effective on
transport applications because of the lower baseline cooling effectiveness.

2.10.4 Parasitic Losses

Adapt ing ACC schemes to the base engines induces parasitic losses in the system that reduce the
overa ll benefits of the ACC. These losses can be considered as either direct losses required to power
or ,o t is ’ ate t he sc heme , or indirect losses such as flow blockages or induced leakages that are a direct
result of the . heme hut arc tncidental to its uperauoti.

Thermal Schemes. Operation of both the low-pressure case cooling’ heating, and high-
pressure fast response and heated and cooled supports schemes required significant amounts of
bleed air 55-hen operating. In order for there to be a significant penalty for any part icular scheme , the
bleed air had to be ta ken over a long portion of the mission (cruise dash), and had to be dumped
wit hout further use. The indirect losses for thermal schemes were the increased duct resistance due
to the presence of plumbing and controls in the duct. For the geometries considered, experience has
shown these to be negligible.

The case heating scheme was only act ivated during transients , w hich was both a short portion
of the mission and one where the effects of bleeding LPT air did not affect performance. No direct
performance penalty was computed for this scheme.

The case cooling scheme did require significant cooling air (0.8% WAE) during the entire cruise
leg. After use, the cooling air was dumped into the fan duct (fighter) or overboard ( transport) as
appropriate. A performance penalty was therefore calculated in order to account for the loss in the
wor k performed on this air over the cruise/dash legs. The performance penalty was taken between
the supply and dump states.

The high pressure fast response and the heated and cooled support schemes were activated
during cruise, but secondary use could be made of the air after ACC. For both types of schemes the
cooling requirements to the turbine case allowed turbine schemes to substitute spent ACC air for
other required cooling air. No direct penalty was identified for these schemes in the turbine. There
was, however , a direct penalty for the compressor since the air was dump ed into the fan duct. A
performance penalty was carried for the compressor application.
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The pneumatic and mechanica l s hemes had both direct and indirect losses The indirec t losses
due to structural dut t f low blockage was considered small based on experient e and was neglected as
in the thermal schemes. These schemes induce additional blockage and leakage in the main gas path
not found in the thermal schemes. It results from the outer air seals moving independently of the
cases causing sma ll steps between the OAS and the case. Experience shows penalties associated w ith
these features are small . particular ly if care is taken in design to minimize the effects. Su h design
considerations wou ld include minimizing the total area of slots and gaps, sealing the movable OAS
against air hackf lowing under the seal , and designing the seal face to be conical , henc e a lw ay s
giv ing rearward lacing steps. No system penalties were calculated for indirect losses on the pneu-
matic or mechan ical schemes because the required power was small.

System power drains for the pneumatic and mechanical schemes with the exception of the
movable s hroud sc heme) only occurred wh~n the systems were being activated. During the entire
time of operat ion only a static load was required in order to overcome the aerodynami res oling
forces. This was accomp lished without extrauingany work from existing sy stems and consequently
induced no system penalty. No operating losses were then calculated for either the mechanical or
pneumatic schemes . The pneumatic shroud scheme required a constant flow of compressor dis-
charge air to overcome leakage around the sea ls. A penalty for th is leakage was considered.

2.11 CLEARANCE ANALYSIS

2.11.1 Scope

A c learance analysis vsas  performed on the baseline geometry of both the transport and fighter
app licat ions for the actual missions and cycles of this study. The achievable clearance for each
sc heme r~ pt w as hen evait ia t ci l  accounting for the effects of ACC hardware.

2.11.2 Fighter Clearance .4nalysis

Baseline Clearances. [he advanced tac t ic - al fighter mission is represented in Figure 109 . This
mission ~‘as div ided inic) six transients requiring analysis t itt - led areas of Figure 109). These s ix
trans ients are described as follows:

I. Take off at sea level
2. Deceleration to cruise at 35k 0.9 Mn
3. Descent from 33 k 0.9 Mn
-1 . A ce leration to supersonic dash at 10k 0.9- 1.2 Mn
I Combat at 10k feet
ci, End dash at 10k- 1.2 Mn and climb to 45k 0.9 Mn and decelerate to cruise

at 45k. 0.9 Mn.

Ana lysis of Baseline Transients. A detailed thermal and structural anal ys is of the baseline
trans ients was performed to determine the mission point at which the most severe pinch or
c losedown occurred at eac h stage of the high compressor and high turbine. The worse transient was
consistentl y found to he transient No. S ) ‘ombat at 10 .000 feet). The HPT first blade tip c learance
baseline results are shown in Figure 110 illustrating the fighter clearance trends.

Ana lysis of Thermal ACC Schemes. The addition of thermal ACC hardware to the baseline
engine changes the thermal and structural response of the cases. The response of the system with
,~CC hardware was then reexamined during the worst transient (combat) to determine if the
availab le clearanu’s had changed with the addition of the ACC hardware.
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Ana lysis of Mechankal Schemes. The clearance h-nef it  available with mec hanical ACC
sc hemes was calc ulatect assuming that these s hemes were m a c  t ive during transients. The minimum
reciuired c learance was determined based on maneuver loads , hearing (learance , v ibration . etc., at
t w o  stead y-state conditions (35 k ‘0.9 Mn, cru ise and 10k 1.2 dash). The difference between the
baseline operating ( Iearan(c’ and the required operating clearance at each flight point was deter-
mined to be the possible ACC benefit attainable at each stage. This benefit was not the same for the
(ruise and dash flight point. For two-position actuation only the smaller benefit is available at both
fl ig ht conditions.

2.11.3 Advanced Transport Mission and Engine

The advanced transport mission is shown in Figure 11) .  A review of this mission based on past
experience identified the takeoff transient as the critical clearance point. A detailed clearanc e
ana lysis was then performed for the takeoff transient and the cruise point. The takeoff transient was
examined to determine t he largest closedown effect for each stage of the }IPC and UPT. The
clearance history for the takeoff transient and the SS cruise point are shown in Figure 1 12.

Analysis of Mechanical Schemes. As in the fighter study, the benefit available from mechani-
cal ACC schemes was assumed to be equal to the difference between the baseline operating clearance
and the required operating clearance during cruise. Mount load ovalization, maneuver deflcct ions,
hearing radial clearances , v ibrations, and cow l loads were accounted for where applicable.

2.11.4 Detailed Clearance Calculations

Detailed clearance calculations using thermal and structural analysis of the missions of this
stu dy were performed for the HPC and HPT. Clearances for the LPT were based on previous
exper ience and scaled from representative engine studies.

[ he transients identified in the fighter and transport missions (Figures 109 and 110) were
ana lyzed to determine the maximum pinch point at each of the stages in the I-IPC and HPT. In the
fig hter mission the maximum pinch point always occurred in transient No. 5 (combat). Although
magnitudes var ied, the time of the pinch point was consistent for each stage. In the transport
mission , t he maximum pinch point occurred during the takeoff transient. The maximum relative
motions in the worse transients for representative stages in the HPC and HPT are shown in
Table 22.

Maneuver Deflections and Surges. Maneuver and surge behavior was predicted for the initial
operating points of this study based on advanced configurat ions.

‘rhe maneuver and surge loads based on mission parameters shown in Table 23 were analyzed
for resultant deflections. The horizontal and vertical deflections were summed vectorially and added
to the surge deflection to obtain the total expected deflection as shown in Table 24 for the
representat ive 1-IPC and HPT stages.

Secondary Clearance Effects. The secondary clearance effects considered were ova lization ,
deterioration , and the combination of vibrations , bearing clea rances and tolerances .

Ovalization due toexternal loads and thermal nonuniformities were considered . The principal
externa l load effects were backbone bending due to cowl loads and case deformation due to thrust
takeout. The cowl load effects were applicable to the transport where the engines were mounted
externa ll y on t he transport. Advanced load sharing cowlings minimize case bending and subs e.
quent c learance deterioration by not requiring the case to carry bending loads. Symmetrica l thrust
takeout to minimize thrust load ovalization effects was included in the baseline. This advanced
structura l technique si gnificantl y reduces clearance deterioration due to ovalization and is expected
to be incorp orated in advanced engine mounting systems.
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TABLE 22. M AX ! M( ’ M  T H E R M A L
ROTOR—TO—CASE MO-
TION

Fig hter-Combat Transient
Stage R~ 1at ii..s. Motion

8th HP( 0.037
13th HPC 0.026

1st FI PT 0.046

Transport .  Takeof f  Transient
8th HPC 0.026

13th HPC 0.018
Itt HPT 0.027
4th LPT 0.044

TABLE 23. MANEUVER AND SURGE MISSION
DATA

Operating Vert Houz Pitch Yaw
Condition g ’s g ’s and Rate Rate Surge

F ig hter Mission
Takeoff 2.0 0.5 0.2 0.15 No
Cruise 2.2 0.5 0.10 0.10 No
Combat 6.0 0 0 0.16 Yes

Tran.t port Mission
Takeoff 2.0 0.5 0.2 0.15 No
Cruise 2.2 0.5 I 0.10 0.10 No
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TABLE 24. M.-~N E U V E R  .-~ND SURGE DEFLEC-
TIONS

,Slaneut ’er Surge
Sta g e Detledion 1.ie~b”i-tio n Total

Fig hter Takeoff
8t h F-IPC 0.003 0 0.003

13th HP( 0.003 0 0.003
hr HP’I 0.004 0 0.004

Fig hter Lru ise
8th HPC 0.003 0 0.003

13th HPC 0.003 0 0.003
sr FIPT 0.004 0 0.004

Fig hter Combat
8th I-LPC 0.006 0.014 0.020

I I h H P C  0.007 0.015 0.022
sr F-IPf 0.009 0.0 11 0.020

Transport Takeof f
8th HPC 0.004 0 0.004

13th HPC 0.003 0 0.003
1st 1-IPT 0.004 0 0.004
4th I.PT 0.005 0 0.005

Trans port Crui.cr
8th HPC 0.003 0 0.003

13th HPC 0.003 0 0.003
1st HPT 0.004 0 0.004
lr h HPT 0.005 0 0.005

Ovalization due to thermal effects was previously determined to be small on P&WA fighter
engines. Effects on transport engines were included based on transport experience and advanced
stud ies. In general P&WA ‘s use of stac ked rather than split cases and, in particular , the exclusive use
of stac ked or full ring cases in this study removes one of the prime causes of thermal ovalization and
allows for an overall clearance improvement. The magnitude of the clearance losses due to these
ovalization mechanisms are shown in Table 25.

The effects of vibration, bearing clearances, and tolerances were evaluated based on the
advanced configuration of this study and previous engine experience. The numerical value for these
effects are shown at representa tive stages for both missions in Table 24.

Performance losses due to deterioration occur primaril y on the HPT.This com ponent is
particularl y sensitive because of the large change in TSFC with clearance and the significant
c learance deterioration which can occur in the severe 1-IPT environment. The mechanism princi-
pally responsible for these losses is deterioration of the blade tip clearance.

Calculation of Operati ng Clearances and Required Operating Clearances. The operating
clearance for each operating condition was obtained from the build clearance and thermal close-
down at each stage. Knowledge of the effects of vibration , maneuvers , loads, etc., allOwed the
clearances available for closedown to be obtained . The available clearances were the difference
between the operating and required clearances. The required and available operating clearances at
the S/S fi ghter and transport mission po ints are shown and compared in Table 26.
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TABLE 25. OVALIZATION, VIBRATION, BEAR-
ING CLEARANCE AND TOLER-
ANCES FOR THE FIGHTER AND
TRANSPORT ENGINES

Bearing Clearance Ova liza t ion
Vibration Build Bending. Thrust

Tolerances Thermal
Stage ( i n J  (in .  Total

Fig hter
8th HPC 0.006 <0.00 1 0.006

13th HPC 0.006 <0.002 0.006
1st HPT 0.009 <0.00 1 0.009

Trans port — Takeoff
8th HPC 0.006 0.003 0.009

13th HPC 0.007 0.004 0.011
1st HPT 0.009 0.004 0.013
4th LPT 0.011 0.007 0.018

Transport — Cruise
8th HPC 0.006 <0.00 1 0.006

13th HPC 0.007 0.00! 0.008
1st HPT 0.009 0.00! 0.010
4th LPT 00 11 0.00 1 0.017

TABLE 26. REQUIRED AND AVAILABLE OPERATING
CLEARANCES

Oper atin g Operating Required Availa ble
Condition Stage Clear ance Clearance Cl earance.s

Fig hter  Cruise 8th HP C 0.038 0.009 0.029
1 3th HP (; 0.036 0.010 0.026

1st FIPT 0.048 0.013 0.035

Fi ghter Dash 8th HPC 0.033 0.009 0.023
13th HP( 0.036 0.010 0.026

1st i-IP ’L 0.043 0.013 0.030

Transport Cruise 8th F{PC 0.013 0.009 0.003
13th HP(. 0.011 0.010 0.001

Itt HPT 0.023 0.013 0.010
4th I.P T 0.050 0.020 0.033

Clearance Results. The attainable benefits of the various ACC schemes are listed in Table 6.
These benefits were calculated from data available on clearances and amount of closedown achiev-
able with each scheme type. The results represent the different groupings and stages considered
previously.
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SECTION 3
SUMMARY AND CONCLUSIONS

3.1 PROGRAM SUMMARY

The program objective was to evaluate the potential for active clearance control (ACC on
future milltar% fighter and transport aircraft. engines. rank the candidate schemes, and recommend
a future course of action.

Potent ial ACC concepts were obtained from a review of the open literature, patent disclosures .
P&WA literature, and brainstorming sessions. Fifty-one schemes were uncovered which could
potentially control bla~de tip and other engine sealing clearances. These schemes were reduced to
twe lve by systemat icafly combining similar schemes and eliminating unworkable and less effective
s(hemes. The resulti’ng f ive mechanical , two pneumat ic. and five thermal schemes are shown in
Figures. 32. 53 and 54.

The f ighter and transport missions selected were the Advanced Tactical Fighter (ATF) and the
CI4 1X strategic aircra ft. The ATF is a 50,000 lb takeoff gross weight (TOGW) class single engine
aircraft with a 5 .000 lb payload, and a high-altitude cruise out , low-altitude supersonic dash to
com bat mission. The CI4IX is a potential C14l replacement in the 3~0,000 lb TOGW class with 4
eng ines, a 68.000 !b pay load, 5,000 mile range and requiring an 8,000 ft runway. The corresponding
engines for t hese aircraft were an advanced F 100 for the fighter and an F 100-cored high-bypass-ratio
HBPR turbofan for the transport. Both were rubber engines having the same core, but were sca led

separate ly to meet their respective thrust requirements.

Three levels of controls for ACC were considered: simple on/off two-position for the cruise or
cruise dash legs only, open loop feedback infinitely variable for the climb/cruise, dash legs, and
closed loop feedback (requir ing a clearance sensor) applicable over the entire mission. On off
systems were selected ber ause the majority of the benefit is obtained at cruise --dash for both
miss ions, and the open and closed loop systems had positioning and reliability uncertainties.

The criteria se lra~ ted to evaluate the different schemes were net Life Cycle Cost benefits (.~LCC)
to the fleet over t he life of the weapons system. These criteria were based on a new-engine- new-
aircraft applicat ion where efficiency improvements due to ACC were used to reduce aircraft and
eng ine size for a f ixed mission (range, pay load, etc.). The detailed operation and impact (cost ,
weig ht , re liability, maintainability) of the 12 final schemes were evaluated by adopting each of the
cand idate schemes to selected stages in the base engines. The effectiveness and net payoff of each
sc heme on each engine were evaluated for the HPC, HPT. and LPT.

The baseline available clearances were calculated for both transient and steady-state mission
legs. Clearances consistent with drum rotor and straddle mounted HPT were assumed , as were
advanced engine mount ing techniques such as symmetric thrust take—out and cowl load sharing.

Influence coefficients were used to calculate the effec ts of clearance improvements on system
performance an d i CC. These coefficients were generated assuming the engine and aircraft would
be rcsi,e d and reproportioned as a result of component efficiency changes. A comparison of these
oef ficients for the different engines and components showed that for the same clearance change on

an’, component , the transp ort i~LCC improvement was about twice that of the fi ghter. For both
missions t he variation between comp onents was in the prop ortion 2:4:1 . l-IPC:HPT:LPT. For the
transport two stage , 0.01-in, clearance closedown in both stages was worth a total of $SOM.
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3.2 CONCLUSIONS

,-
~ summary of the most promising ACC schemes ( based on LCC savings is shown in Tables 27

and 28.
‘I’.-~BI.E 27. TRANSPORT -- MOST PROMISING ACC

SCHEMES BASED ON LCC CHANGE

Sc heme Ss heme LCC Change S
Same .\ o  Page (M i l l i o n s ,

1/Pt ’. Stage 6-9
Therma l N A
Mechanical Strap Shroud 6 44,46 +33
Pneumati Pneumat ic Segmented Shroud 9 -16

I IP C .Stag e.c / 0 - 1 3
thermal (.,ise Cooling 31 I~ . 16 + I i

Mechanica l Strap Shroud ~ 11 . 16 +1~s
Pneumat ic Pneumatic Segmented Shroud 9 -16 +16

HPT Stages 1 and 2
Thermal Case Cooling 31 I~~~7 — ‘ 17
thermal Case Fleating 22A 45 .17 — i’~
Thermal Heated and Coaled Supports 32 l~) 16 — ‘10
Mechanica l Cam Shroud ‘11 II II — 2

Pneumatu N -~~

LPT Stage s 1-7
Thermal Case Cooling I I  1~ , I7 — H

Mechanical Strap Shroud 8 11, 16 ~ 8
Pnetsmati N -‘

Negat ive sign demises .s pasof i 
_________________________

rABLE 28, FIGHTER — MOST PROMISING ACC
SCHEMES BASED ON LCC CHANGE

Sc heme Scheme .CC Chunge
Name No. Page (M ill ion. c ,

F/PC Stage 6-9

Thermal N A
Mechanical Strap Shroud 8-44.46 +10
Pneumatic Segmented Shroud 9 46 — -l

HPC Stage s / 0. 13
Theimal Heated Case 22A; 45 -4-28
Thermal C.ase Cooling 31 15 +28
Mechanical Strap Shroud 8 44 ,46 + S
Pneumatic Pneumatic Segmented Shroud 9146 — S

HPT
Thermal Heated and Cooled Support.s 32~ 45 —37
Mechan ical Cam Shroud 33/44 —26
Pneumatic N/A

LPT
Thermal Heated and Cooled Supports 32/45 + 2

Mechanical Strap Shroud 8/44,46 + 6
Pneumatic N/A

Negative sign denotes a payoll. 
_______ ___________
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3.2.1 Fighter Application

For the fighter app lication . ACC showed a significant net benefit in the FIPT onls The best
hemes for t his application were the thermal two-position high pressure a ir scheme “heated and

cooled supports” and t he mechanical two-position cam actuated shroud. ’

The principal reason for the UPT being the oni’, component to have a si gnilic ant payoff is the
(ombination of large ava ilable clearances and a large influence coefficient factor , The available
clearances on other components were in the same range as the UPT, but t he influence coefficient
factor is substantia lly less: therefore , the efficiency gain is reduced. The acquisition and mainte-
nance costs of ACC on the two-stage HPT were generally comparable to the cost for the two-stage
LPT. and somewhat lower than the cost for either of the two 4-stage arrangements considered on the
EI PC.

The net savings for the fleet were $37M and $26M .~LCC for these schemes respectively . The
savings were significant and are sufficient to justif y further development of ACC for the fighter
app lication. Although the thermal scheme had a larger net payoff than the mechanical scheme, the
difference was not s ignificant enough to conclude that the thermal scheme would be uniformly
superior for other applications. The thermal scheme was simpler and cheaper but has a limited
transient response w hich may cause difficulties in a fighter application. The mechanical scheme
has a sufficient response for normal transients , but has potential problems with durability, wear ,
and fr iction. Based on the results of this analyt ical study the two HPT schemes are ranked equal for
the fighter application, pending hardware evaluation.

3.2.2 Transport Application

ACC showed a signif icant net benefit in the transport HPT. On the low pressure turbine some
s hemes showed a net .~LCC savings , but the amount of the savings was very small.

As in the fighter , the principal reason for the 1-IPT being the only component to have a
signi ficant pasoff is the combination of significant available clearances and a large influence
coefficient factor. The smaller available clearances in the compressor and the smaller influence
coeff icient factor made ACC unattractive in the compressor. In the LPT the available clearance was
twice that of the UPT, but the influence coefficient factor was only 1/3 that of the HPT. This lower
perform ince benefit in combination with the higher acquisition and maintenance costs on a
transport f~ve-stage LPT compared to the fighter two-stage HPT made the net benefit of LPT ACC
marginal for the transport LPT.

The ACC concepts with the largest payoff in the HPT were all thermal schemes. These were the
case cooling scheme ($37M), the case heating scheme ($38M), and the heated and cooled supports
sc heme ($SOM). The potential savings were significant, particularly in light of the small clearances
available for closedown in the transp ort HPT. The payoff was sufficient to justif y further develop-
ment of ACC for the transp ort app lication.

The heated and cooled supports and the case cooling schemes were equally rated somewhat
above the case heating scheme.

3.2.3 Different Missions and Cycles Considerations

The net payoff for ACC will vary widely with the particular mission and cycle since the
available clearance and ACC effectiveness are both highly dependent on the assumed mission and
cycle characteristics. A different application which had a higher overall pressure ratio and required
proportionately less power at cruise compared to takeoff could well expect to have significantly
larger UPT clearances (in the 0.020 to 0.030 in. range) compared to the clearances of this study. This
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would be true even for the advanced bearing and load configurat ions of this study. For this level of
ava ilable clearances the net payoff for the transport fleet would increase substantially into SlOO M
range. Significantly larger payoffs are possible for other advanced missions based on mission and
performance effects. Although there is the possibility of greater payoff in ~ LCC for different
missions and cycles as compared to the mission and cycle of this study program, the component
payoff ranking should remain the same. That is , the HPT should produce the largest and most
significant payoff.

3.2.4 New Aircraft/Engi ne Applicatio n vs Retrofit

An alternate approach to the new engine “aircraft assumption of this study would be a retrofit
application where ACC was a bolt-on option to a fixed geometry engine and aircraft. For a transport
retro fit the effectiveness of LPT ACC clearance changes increase significantly in importance with
resp ect to t he HPT. Limit ations in the amount of closedown achievable with bolt-on thermal
systems on t he LPT com pared to the HPT still result in the HPT having a larger payoff , however.
In addition, the overall LCC benefits for a given clearance change are significantly smaller in both
the HPT and LPT for th e retrofit app lication compared to the new eng ine. - aircraft application for
the mission and cycle selected for this study.

3.2.5 Clearance Sensor Payoff

The lack of payoff for a clearance sensor is principally a result of the large portions of the
mission (90% transport/ ’70% fighter) assumed to be fully serviced by a simple on/ off control system.
All of the ACC benefits possible are gained with on- off control on these portions of the missions. No
additional benefits are available for higher levels of control (open loop/feedback) to offset their
greater cost , weight, and complexity, hence no apparent payoff.

This conclusion is specific to the framework of the study, w ith its particular assumed cycle,
miss ion, and c learance ground rules. Both the transport and fighter engines are required to operate
at high power levels throughout the cruise legs , and the calculated clearances were assumed to equal
the actual engine clearances

Operat ion at high power levels throughout the mission results in relatively tighter clearances
t hat are substantially unchanged over the cruise leg of the mission. For other missions where, if for
examp le, the engine would be continually throttled back over the cruise leg, the clearances would
continually change. Maintaining optimum clearances with ACC would then require a modulated
c learance control, hence providing some payoff for open loop or feedback controls.

The available clearances of this study are based on a mean analysis assuming a typical eng ine,
installation and history. The actual clearances on any one particular engine could however, be
significantly different from the mean because of differences in hardware, installed environment ,
operat ing history, or ca lculation uncertainties. The development of a flight operational clearance
sensor could be very useful in determining the magnitude of clearance variation due to these effects.
If these variations proved to be significant , a c learance sensor used in a feedback control system
would be useful if not required to fully benefit from ACC.
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SECTION 4
RECOMMENDATIONS

Further deve lopment in the area of clearance control is recommended.

a. Additional analytical efforts to determine the effect of different missions and cycles
on ava ilable clearances and performance payoff are recommended. The effects of
one vs two-stage HPT and other similar comparisons are required. The effects
should only be analyzed for the best schemes identified and for HPT application
alone.

b. A para llel evaluation of the net payoffs for fully optimized passive clearance
control in the HPT is suggested.

c. Pending the results of these two studies , a hardware demonstration of the selected
ACC schemes is recommended.
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ABBREV I ATIONS AND SYMBOLS

ACC Active Clearance Control
ATF Advanced Tactical Fighter
BPR Bypass Ratio
CET Combustor Exit Temperature (°F)
HPC High Pressure Compressor
HPT High Pressure Turbine
LCC Life Cycle Cost
LPT Low Pressure Turbine
M Million
N2 High Rotor Speed (rpm)
OWE Overall Weight Empty (Ibs)
RCVV Rear Compressor Variable Vanes
SL Sea Level
TIT Turbine Inlet Temperature ( °F)
TOGW Takeoff Gross Weight ( Ibs)
TSFC Thrust Spec ific Fuel Consumption
W S Wing Loading (lbs, FP)
VJd/V ,~ Ratio of Core to Bypass Exit Velocities

.~A Failure Rate 1000 Flight Hrs
Eff iciency

lb Pound
CLR Clearance (in.)
K Thousand Feet
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