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1.0 INTRODUCTION

For the past 25 years there has been an ever—increasing e f fo r t  to
design lightweight components to improve engine thrust—to—we ight ratio .
The payoff for achieving lighter structur s is , of course , the economy
attend ing an increase in load capacity, aircraft speed , or range .

Reducing the weight of rotating components general ly results in a
greater total payoff than can be achieved on stationary components. This
is because rotating parts are usually heavier than stationary parts , and
the stresses in the rotating mass are directly related to the square of
the rotational speed . Moreover , reduc ing the weigh t of ro tat ing componen t s
allows weight reduc t ions  in related bear ings , frames , containment , and
engine mount systems .

To date , e f f o r ts to lighten rotating components have focused on high
strength—to—weight—ratio composite materials in fan and compressor blades
with conventional dovetail configurations for attachment to metal disks.
The current program has overcome every limitation of the conventional
designs, permitting more efficient use of the higher strength—to—we ight
characteristics of composite materials.

The objectives of this program were to develop conceptual designs  for
advanced composite ro tors .  The goals were to improve engine perfonnance in
areas of rotor life , maintentance , weight , aerod ynam ics , and aeromechanics
along with fabrication technique s to red uce manufacturing costs. The success—
ful completion of this program would provide fan and compressor conceptual
designs for potential development into full—scale demonstrat ion hardware.

Recent Air Force efforts in the development of advanced composite
components have been directed toward fan blades , turbine blades , and
static structure. However , previous conceptual design studies , hard-
ware development programs, contractor in—house design studies , and
management assessments have indicated that rotors would be another
attractive application for advanced composites. To optimize the use of
composites , the blad e , d i sk , and s h a f t  a t tachment  should be considered
as a system and designed for composites from the s t a r t .

F Both organic— and metal—matrix fan blades are under development .
These programs are achieving vary ing degrees of success in meeting the
design goals. It was conceived that an integrated design of the disk
and blad e could enhance the Foreign Object Damage (FOD) resistance
(paramount among the design goals) and ameliorate other blade design
constraints that accompany the use of conventional disk technology.

Future fan and compressor designs are likely to feature larger
blades and significantly higher rim speeds. Current , titanium blades
are nearing a metallurg ical limit; at current stress levels they

1 
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are limited by fatigue notch sensitivity when subjected to minor flaws
and damage. Composites , wi,th lighter weight and increased stiffness ,
offer an approach to implement the higher rotational speeds and larger
blades. Composites must be applied selectively, however , because tempera—
ture limits are usually lower than those of the metals they replace.

2
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2.0  SUMMARY

This report describes the results of an advanced , composite—rotor
mechanical—desi gn—feasibility study pr~~ram. Four composite fan—rotor con-
cepts were evolved during this study:

1. Comet Blisk (Composite Metal Blade/Disk

2. Integral—Wound

3. Tuning Fork

4. Pinned—Blade/Hoop

These rotor—design concepts are illustrated in Figures 1 through 4;
detailed descriptions and referenced drawings follow in Section 3.1.4.

The goal of this study was to Identify the relat ive total payoffs in
advanced composite—rotor designs and equivalent metal—rotor counterparts.
A three—phase program was conducted to achieve this objective :

• Phase I — Fan Rotor Design

• Phase II — Compressor Rotor Design

• Phase Ifi — Recommendations and Development Plan

In Phases I and II, fan and compressor rotor concepts were ident i-
f ied , developed into preliminary mechanical—design candidates , and evalu-
ated in terms of engine performance payoffs and technical risks . Two f an—
rotor desi gns (one for the TF34 subson ic—fl i ght  engine and one for a
supersonic—fli gh t eng ine) and one compressor—rotor design were designed and
then evaluated for possible future development .

The pinned —b lade/hoop concept (consisting of replaceable pinned blades
with high—strength , filament—wound supporting hoops) was selected as the
subject for an in—depth study of stresses , projected performance , and
functional life ; proposed fabrication techniques and related costs were also
evaluated . A program plan was established for developing the selected rotor
concept into full—scale hardware for demonstration on an aircraft gas turbine
engine .

When configured to the front fan of a proposed supersonic—fli ght engine,
the pinned—blade/hoop rotor is projected to weigh about 67 pounds; a metal
counterpart  would weigh 179 pounds. When configured to the front fan of
a TF34 engine, the pinned—blade/hoop rotor would weigh 39 pounds; the current,
metal counterpart would we igh t 143 pounds. The cost of this composite
fan in production quantities is estimated to be less than one—third the
cost of a metal  counterpart .

A summary of a l l  fan weights resulting from this study is listed in
Table 1.

3
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Figure 3. Tuning Fork St ructura l  Concept.
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Table 1. Projected Fan Weights for Advanced Composite—Rotor Concepts.

Supersonic (36—in. Diameter) Subsonic (43—in. Diameter)

Concept Weight (ibm) Concept Weight (lbm)

All—Me tal , Titani um Blisk 179 All—Meta l , Ti tanium 143
Come t B l i sk  82 Comet Blisk 56
Tuning Fork 70 Tuning Fork 43
Tuning Fork (Hollow Yokes) 64 Integral—Wound 36
In tegra l—Wound 61 Pinned—Blade/Hoop 36
Pinned—Blade/Hoop 67

This report emphasizes the supersonic , rather then the subsonic , appli-
cation in order to disp lay the margin of fan struc tural in tegri ty avai lable
in the more str ingen t app lication. It was reasoned that if the margin of
structural integrity for a supersonic—flight fan were too narrow for
confidence , this apprehension would affect the selection of the fan appli-
cat ion for initial demonstration . From a technical standpoint , a subsonic—
f l i ght fan made with epoxy would be easier to fabricate and would disp lay a
grea ter marg in of structural integrity than a supersonic—fligh t fan made
wi th poly imide materials. However , from the st and point of technical need ,
a supersonic—flight , composite fan offers substantial payoff compared to a
metal fan ; when given a sufficient margin of structural integrity, i t would
be a more attractive demonstration unit.

An outline of the scope of this program and the stud y results , toge ther
with recommendations for future efforts , are listed below. The outline is
expanded in the text of this report . -

OUTLINE

Phase I — Fan Rotor Design

Task I — Development and Evaluation of Design Concep t

• Identify Design Concep ts
• Identify Design App lications

— Subsonic
— Supersonic

• Define Design Criteria/Requirements
• Identify Materials
• Perform Preliminary Design Anal ysis
• Evaluate Designs
• Selec t One Design for Extended Study

Task II — Extended Studies of Design Concep ts

• Detailed Anal ysis
• Material Selection

8
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• Design Summary

— Feasibility
— Limitat ions

F — Per fo rmance Benef its
— Manufacturing Feasibility

Phase II — Compressor Rotor Design

• Identify Concepts
• Identify Supersonic Application
• Define Design Criteria/Requirements

• Identify Materials
• Perform Preliminary Design Analysis
• Evaluate Designs
• Select One Design

Phase III — Recommendations

• Identify Needs

RE SULTS

Phase I

Task I

1. Four design concepts were identified .

2. The fan designs for the supersonic and subsonic
applications were selected .

3. Design criteria/requirements were defined for each application .

4. Candidate materials were identified and material properties
defined for use in studies.

5. Parametric design studies were performed .

6. Fan designs were developed using design concepts and results
of parametric studies.  A to ta l  of 31 desi gn layouts were made.
Based on preliminary analysis , all designs appeared able to meet
design requirements and cr i ter ia .

7. Designs were evaluated using several variables: we igh t , aero—
dynamic performance , cost , replacement of blades , risk , etc.

8. One design — the pinned blade/hoop rotor — was selected .

Task II

1. A refined analysis was carried out to size the various
components.

9
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2. Manufacturing methods were identified .

3. Design feasibility was identified .

4. Candidate s~aterials were identified and material properties
for use in studies.

5. Potential areas of concern were defined .

6. Overall performance was summarized .

7. Manufactur ing cost estimates were made.

Phase II

1. One application was selected .

2. Four design concepts were identified .

3. Design criteria/requirements were defined .

4. Candidate materials were identified .

F 5. A preliminary analysis was performed.

6. The designs were evaluated .

7. No design was selected .

Phase III

Conclusions

1. An advanced composite fan is feasible both for supersonic
and for subsonic applications .

2. Subsonic designs could be implemented using epoxy—matrix
composite materials  and some component structural development .

3. Supersonic designs result in more severe design requirements
in terms of material  temperature and strength requirements.
Polyimide—matrix materials were required .

4. The use of composi tes  in the compressor was not feasible for
the applications selected due to the high temperature environ-
ment. Insignifican t weight/aerodynamic performance benefits
were found in this application .

10 
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Recommendations

1. Initiate efforts to develop a composite—fan—rotor design.

2. Development for a supersonic application would be more
challeng ing than fo r a subsonic application mainly because
of (a)  the need to ‘deve lop f abr icat ion processes for the
pol y imide mater ia l  and (b )  the hi ghe r s t ructural  load ings.

3. The specific areas of concept development needed are :
— Attachmen t of blad e to root
— Attachment of b l ad e root to hub , and the manuf actur ing

procedur e
— Attachment of blade tip to shroud
— Filament—wound hub
— Aerodynamic stal l margin
— FOD resistance
— The efficiency of processing polyimide into components

4. The development approach recommended is:
— Work—out the structural design details of a prototype

rotor system
— Carry on the development of joints / components
— Fabricate a prototype rotor
— Test the system
— Work at the design deta ils of the supersonic—flight ,

composite rotor
— Develop low—cost f abr ica t ion  technique s for the rotor
— Run s t ructural val idat ion tests
— Conduct an engine demonstration

11
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3. 0 PHASE I - FAN ROTOR DESIGN

3.1 TASK I — DESIGN CONCEPT DEVELOPMENT AND EVALUATION

The purpose of this task was to identify candi-’-ite fan—rotor structural
concepts that would be feasible from the standpoints of fabrication and
utility. A preliminary analysis of each concept was completed in sufficient
depth to identify the positive and negative aspects of each design . One
concept was selected for further detail study in Task II.

Thirty—one composite—rotor concepts were cons idered under this effort ;
they are illustrated in Figures A—i through A—31 in Appendix A.

3.1.1 Selection of Desi gn Appl icat ions

Rationale — The selection of candidate engines , for stud ying potent ial
app lications of advanced composite rotors , was based on this assumption : if
the operating environment of a supersonic—fligh t engine proved to be too
severe , or just marginal for applying the best composite materials avail-
able , a subsonic—fli ght engine would be more likely to acconunodate the
same structural rotor concept with conservative margins of safety while
display ing significant advantages in weight and cost over conventiona l
metal—counterpart rotors. Accordingly, it was decided to select both a
supersonic—flight , and a subsonic—fligh t engine for parallel study and
compare the results.

Selection — The two engines selected for this program were :

1. TF34 : Figure 5 illustrates a section through the front fan.
The titanium blades have pinned roots which attach to a double—
structured , titanium disk.

2. Supersonic (first—stage fan): Figure 6 shows a single—piece
front  fan which is mach ined from a solid titanium forging so that
there is no joint  between the blades and the d isk .  This b l i sk
design was required because the low—radius—ratio fan blades
could not provide su f f i c i en t  tangential space to accommodate a
conventional dovetail— or pinned—blade attachment. Accordingly,
this fan must be machined out of a solid forging — an expens ive
process that  leaves no margin for machining error. In the event
of severe blade damage in servi ce , the ent i re  fan would probabl y
be rep laced . St udies are being made , however , to see wheth er
this metal fan can be fabricated with welding , or other metal—
joining technlogies , which could reduce the cost significantly.

3. Supersonic (second—stage fan): Figure 7 shows a section th rough
the titanium second—stage fan which has sufficient space to
accommodate conventional blades with dovetails.
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Fig ure 5. Present Fan Disk in TF34 Engine .
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Mater ia ls  — Some materials proposed for the above respective fans are
listed in Table 2. Since the TF34 is subsonic , it can be made with epoxy—
based materials; the supersonic—fligh t fan requires polyimide—based materials.
Other materials will be considered before a final selection is made .

Table 2. Materials Proposed for Composite Fans.

Supersonic—Fligh t Engine , TF34
Pol yimide—Based Composites Epoxy—Based Composites

Part (Temperature Limited to 550° F) (Temperature Limited to
350°F)

Blades GR/PI HTS or Celion , NR 150 , AS—3 501 or AS—PR288
Thermid 600, PMR

Platforms GR/Polyimide (Torlon) Torlon

Hoops Same as Bladcs , but Filament— AS—3501
Wound TO1

Adhesive FM—400 (Hub Application < 350° F) FH—400

Hub 6—4 Titanium 6—4 Titanium

3.1.2 Desi gn Conditions/Requirements

A number of fan—rotor configurations, making use of composite materials
in different ways , were conceived and studied in this task. These were
direc ted toward achieving lightweight, low—cost designs with potential for
hi gher tip speeds and longer life. The supersonic—flight and the TF34
firs t—stage configurat ions , speed , l i f e , and temperature requirements were
selected as baseline conditions for the developments. Table 3 shows the
design requirements for the supersonic—flight design , and Table 4 shows the
requirements for the TF34 design.

The TF34 fan rotor has somewhat less severe requirements than the
supersonic—flight fan; tip speed and temperature are lower, ar.d the radius
ratio is higher. The TF34 fan also has a pin—root—type blade with a flexural
vibrat ional response that avoids crossing the 2/rev line by operating between
1/rev and 2/rev over the complete operat ing range . The composite—arrangements
studies incorporated these requirements by using a high—flex configurat ion.
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Table 3. Design Requirements for a Supersonic—Fli ght Confi gured
Composite Fan.

Design Mechanical Speeds

• Maximum operat ion (100% Design—Point Rotor Speed , Na) 10,500 rpm

• Design (1.05 Na) = 11,025 rpm

• Design burst ( 1.41 Na ) 14 ,805 rpm

• Design tip speed = 1732 feet per second

Design Life and Cycles

• Operating life = 4000 hours

• - Operating cycles 20 ,000 cyc les at 105% operating speed

• Vibratory cycles = 3 x l0~ cycles

Special Conditions

• Maximum blade root temperature = 400 ° F

• Maximum blade t ip  temperature 500 ° F

• Temperatures selected to meet extremely short—term dash conditions

• High—flexur a l—st i f fness  blade design that operates at 15% above
2/Rev at Na

• High—tors iona l—st i f fness  design

• Stresses within al lowable—stress—range diagram and having suffi—
cient vibratory margin

• USAF/Winnestrom—type a i r foi l  configuration

17
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Table 4. Design Requirements for TF34—Configured Composite Fan.

Design Mechanical Speeds

• Design (Na) = 7357 rpm

• Design burst (1.41 Na) = 10,373 rpm

• Design tip speed = 1390 feet per second

Desi gn L i f e  and Cycles

• Operat ing l i f e  4000 hours

• Operating cycles = 20 ,000 cycles

• Vibra to ry  cycles  = 3 x iO~ cycles

Special Conditions

• Maximum blade root temperature = 200 ° F

• Max imum blade t i p temperature  300 ° F

• High—flexural—stiffness blade design that operates at 15% above
2/Rev at design rpm (Na )

• Hi gh— t o r s i o n s a l — s t i f fu e s s  design

• Stresses w i th in  allowable s t ress  range diagram , wi th  su f f i c i en t
v ib ra to ry  marg in

18
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3.1.3 Design Evaluation Criteria

Each configuration was sized to meet the various speeds and special
cond itions outlined above . The TF34 rotor concept s were based on meeting
flexural vibratory requirements using the same number of blades as the
titanium design . Thus, to satisy aeroelastic stability requirements , a tip
shroud was used on all designs. The supersonic—fligh t concepts were evaluated
with different numbers of blades , different materials , and for shrouded and
unshrouded configurat ions. The results of this evaluation , discussed in
Section 5, show the desirability of using a shrouded configurat ion, having
between 24 and 30 blades , to meet supersonic—flight requirements. On the
basis of this finding , the conceptual studies were conducted using a 24—blade ,
shrouded conf igura t ion .

Each blade concept was evaluated and compared to the other concepts
using a decision/analysis worksheet that compared various significant para-
meters on the basis of weighted factors of weight , cost , simplicity , replace-
ment of blades , risk, l if e, aerodynamic performance , and other factors as
discussed in Section 3.1.5.

The four composite—rotor structural concepts identified in Section
2.0 each have unique features that can be evaluated separately. Assuming
that each candidate composite—fan design can meet the aeromechanical and
structural requirements of the metal conterpart , desirability factors were
selected for comparing the cendidates. They are listed below , with a per-
centage of weighted value attached to the relat ive importance in a final
selection. For each design concept , the desirability of each feature is
graded from 1, “unfavorable ,” to 10, “very favorable.” The final score
is obtained by multiplying the relative desirability of each feature by
the weighted value and summing the products.

% Weight Desirable Features

20 Low weight

20 Low cost

15 Simplicity of structure

5 Ease of analysis

15 Replaceability of blades

10 Technical confidence
(relative risk)

10 Long life

5 Low maintenance
100% (time, cost , intervals)

The product of this evaluation of four specific composite fans in com-
parison with the metal counterparts is presented in Table 5; the pinned—blade/
hoop concept displays the highest score.
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3.1.4 Design Concepts, Analysis, and Manufacturing

The four advanced composite—fan concepts selected for study are described
below. Drawings (included as Appendix A) are referenced below for reviewing
the geometry of each concept for either the TF34 or the supersonic—fligh t
engine . The ti?—shroud feature is the same for all fan concepts and is
discussed separately at the end of this section .

3.1.4.1 Come t Blisk (COmposite/METal BLade/D I SK)

TF34: Figures A—l and A—2

Supersonic—flight engine (first—stage fan): Figures A—3 through A—il

Supersonic—flight engine (second—stage fan): Figure A—12

Typical components of a Comet Blisk fan concept are listed below and
are identified easily on Figure A—S. Similar components can be identified
easily on the other drawings in this group.

1. Ai r fo i l

2. Pla t form

3. “V”—Finned Hub/Drive Shaft

4. Tip Shroud

5. Blade Tip Support

Initial concepts of this fan utilized a machined , metal , disk hub
with fins emerging radially from the low—profile hub to a radius well below
the inner airflow path . Composite airfoils were then positioned radially
on top of the fins and attached with double lap—shear pads , on either side ,
that profiled into integral or separate inner flow—path platforms (Figure
A—9). Analysis indicated that higher integrity blade—to—hub joints could
be achieved by profiling the metal fin into a low—angle “V” wedge wi th
a mating composite—blade root profile bonded into the wedge (Figures A—3
and A—8). Several variations of these concepts are illustrated in the
above drawings , and analysis indicates that most of them would withstand
the rotat ional forces with sufficient but varying margins of safety.

Figure A—l i  i l lus t ra tes  a composite , filament—wound hub that would
replace the metal. hub described above. Blades are bonded to this integral,
composite hub in the same way that they would be bonded to the metal hub.
It is believed that composite blades bonded to a composite hub would dis—
play higher joint efficiency and longer life than if they were bonded to
a metal hub ; the metal would display relative differences in coeff ic ient
of thermal expansion and modulus at the bond interface.
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Figure A—i illustrates an internal metal fin that emerges above the
inner f l ow path to provide more bond area, for an 18—blade fan version
with thicker blade root , in an attempt to eliminate the need for a support—

F ing t ip shroud .

L Figure A— 12 shows a second—stage , supersonic—fli ght , Comet Blisk fan
driven by a composite drive shaft which is discussed briefl y later in this

4 report.

Either of the above versions of a Comet Blisk fan can be manufactured
wi th  s t a t e — o f — t h e — a r t  t echniques .  The f inned hub would be the most cost l y
item in each case , but it could be au tomat ica l ly  machined wi th  tape—
controlled milling .

3. 1 .4 .2  Integral—Wound

TF34 : Fi gure A— 13

Supersonic—fli gh t Eng ine : Fi gures A—l4 and A—15

Typ ical components of the integral—fan concept are listed below and
are identified on Figure A—14. Similar components can be easily identi-
fied on f i gures A—13 and A—15.

1. Airfoil skin

2. Filament—wound wheel No. 1

3. Filament—wound wheet No. 2

4. Filament—wound wheel No. 3

5. Hub inserts

6. Hub hoops

7. Drive bolts

8. Leading—ed ge caps

9. Platforms

10. Tip shroud

11. Blade—t ip supports

12. Drive plate

13. Spinner p l a t e
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A filament —wound , integral fan was conceived . Three separate ax i al
planes of integrall y woven, spoked wheels act ing as the main structural
support are clustered together in a bonded assembly. Airfoil skins, tip
shroud , and hoop—supported hub inserts are located far  below the inner
flow path.

The three separate spoked wheels are filament—wound and separately
cured . Then they are assembled in axial alignment and spacing with the
premolded hub inser ts and two premolded , filament—wound hub hoops that
carry the drive bolts and hub inserts. Film adhesive is layered between
all mating surfaces to achieve a permanent , nonfretting, bonded assemb ly.
The hub inserts stabilize the airfoil elements as they emerge from the
disk. Next , premolded—composite airfoil skins are bonded across the three
spoked wheels from ti p shroud down to the hoops that support the hub inserts.
Premolded , hollow—ribbed , inner flow—path platforms are bonded be tween the
blades after add ing me tal leading—edge caps. Then a premolded and machined ,
filament—wound , composite tip shroud is bonded into place .

After final bond assembly , the fore and aft extens ion of the hub insert s
are machined to accept a rabbeted metal collector ring for drive shaft plate
and spinner plate attachment . Finally , axial holes are drilled through the
hub inserts for bolt assembly with the drive plate. There is no hole through
the very center of this fan ; the fan must be removed for access to the hard-
ware behind it.

If the a i r fo i l  dynamics cannot wi ths tand the two hollow radiat ing
cavities over the hub hoops between the three structural spoked wheels,
the civities could be filled solid with fiberg lass inserts carried in shear by
the s;ins and adjacent spoke elements. If the blade cavities are left hollow ,
the w~ight of the entire stage would be about 61 pounds for a supersonic—
flight version . It the blade cavities were to be filled solid , stage weight
would increase to about 67 pounds.

Throughout this entire fan , the stresses encountered allow a high
margin of safety . Fiber stresses at the center of the hub of a super-
sonic—flight version are only about 55,000 psi at 116% speed .

3. 1.4.3 Tuning For k

TF34 : Figures A— 16 and A—li

Supersonic—Flight Engine: Figures A—jO and A—l8 through A—21

The drawings i l lustrate this design concept as it evolved into a multi-
pl ic i ty  of supporting hub hoops . Each hoop carries an inc remental , axial
portion of the airfoils by means of filament—wound yokes that hook around the
supporting hoops and line up axially to generate the airfoil profile . The
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a i r f o i l  is coll ected in to a sing le structure with cover skins of cross—p iled ,
composite l aye r s .  Typ ical components of t h i s  fan concept are listed below and
are identified on Figure A—20. Similar components can be easily identified on
the drawings  listed above .

1. Airfoil

2. Yokes (tuning fork)

3. Supporting hoops

4. P la t forms

5. Drive shaft

6. Spinner

7. Ti p shroud

8. Blade—tip suppor t

9. Tuning—fork  spacer

The a i r f o i l s  are ho l low directly over each supporting hoop. Composite
a i r f o i l  skins are bonded to the rad ia t ing  yoke tangs which , in turn , are
bonded to the supporting hoops and to each other where they butt together in
airfoil alignment. The airfoil skins extend below the inner flow—path plat-
forms to the top surface of the support hoops . Hollow—box plat forms , with
in te rna l  ribs in line with the tangs , are bonded in place to adjacent blade
skins and provide tangential-moment support to the blades . The forward ends
of the hollow platforms are mechanically rabbetted and bonded to a titan ium
ring which accepts torque and maintains concentricity from the drive shaft .
The outside diameter of this drive shaft also seats the inner surface of
the tuning—fork tangs for additiona l stabilization; however , this contact
may tend to lift—off at high fan speeds.

For the supersonic—fligh t fan , the weight of each hollow graphi te blade
is about 0 . 6 2  Ibm bare or 0 .7  Ibm wi th  an attached , 0.010—inch —thick , steel ,
leading—edge cap. Each blade exerts about 30,000 lbf , which translates to
about 120,000 psi supporting hoop stress at 116% speed . Total stage weight for
th i s  supersonic—fl igh t fan is about 64 pounds.

The tuning forks are the most difficult items to fabricate in this
concept ; however , since they would be relatively 1.ow stressed , considerable
tolerance could be allowed to promote high integrity. It is visualized that
two yokes could be fabricated end—to—end , via filament winding, then nestled
into profile motds for heat—cure before being cut apart to size.
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Indiv idual , composite  a i r f o i l  skins  could be molded with uniform
th ickness and bonded to the tapered yoke ta ngs assembled to the support
hoops one at a time . Each blade thus bonded could be slipped around on
the support rings until all airfoils were bonded to the tangs. This
would allow the economy of only one bonding tool for development effort .
Then the platform boxes could all be assembled with adhesive and the
tang yokes fitted with a film adhesive , at the interface seat with
the suport hoops, to inhibit fretting . With proper pressure applied and
index—assembly tooling in place , the entire fan would be bonded as a
solid , unitized structure. After fitting the drive spool in place ,
stage balance would be conducted before assembly to the drive
shaft.

Blade replacement would be difficult ; however , under laboratory con-
di tions it probably could be done . This is illustrated in Figure A—21.
The fi g ure shows how the yoke s could be replaced in seq uence from af t to
fron t , at an angle , then erected radially for airfoil—skin bonding .

3.1.4.4 Pinned—Blade/Hoop

TF34 : Figure A—22

Supersonic—Flight Engine : Figures A—23 through A—26

Supersonic—Flight Engine (second stage): Figure A—27

Supersonic—Flight Engine (2—D demonstrator): Figure A—28

The -pinned—blade/hoop, composite fan is the only concept in this
study that offers relatively easy blade replacement . For this reason ,
it was selected for the Task II design extension .

Components of this fan are listed below and discussed in detail
immediatel y thereafter. Figure A—23 , A—24, and A—26 identify the follow-
ing components of this fan concept . Similar components on other drawings
of similar fans of this configuration can be easily identified .

1. Airfoils

2. Blade support tangs

3. Support hoot-s for blades

4. Blade pins

5. Platforms

6. Support hoops for platforms

7.  Pla t form p ins
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8. Drive shaft

9. Spinner mount p l a t e

10. Aft air—seal plate

11. Ti p shroud

12. B l a d e — t i p  support

Since Items 11 and 12 are s im i l a r  for a l l  fan concepts , discuss ion
is deferred (Section 3.1.4.6)

The fo l lowing  d iscuss ion is applicable to the s u p e r s o n i c — f l i gh t  vers ion
of th i s  fan (Fi gure A—25 and A —26) .

( 1)  A i r f o i l s  — This fan , wi th  24 a i r f o i l s  p r o f i l e d  wi th  a t i p  Tm/c
(chord th ickness  to length  r a t i o )  of 2% and a roo t Tm/c of 7% , would have
a i r f o i l s  f ab r i ca t ed  w i t h  a spec i f ied  c ross—ply  of graph i t e — p o ly imide l amina tes
deployed u n i f o r m l y  for the en t i r e  length  of the blade w i t h o u t  abrupt  bulk  for
dovcta ils  or p la t fo rm fea tu res . As the airfoil engages the inner flow path ,
it would continue in a streamlined configuration radia l ly inward to the
support p in at about a 3 .6—inch radius from the fan axis .  A sligh t amount of
d i s t o r t i o n  may be necessary to force the project ion of the blade—root termina-
t i o n  in to  a t rue r ad ia l  p r o f i l e  so t ha t  the curved support pin can be assembled
(Fi gure A—25) . Otherwise , with a bit more distortion , the blade roo t could be
forced into a true axial projection so that a straight pin para l le l  to the
fan axis  could be u t i l i ze d  ( in  Fi gure A — 2 6 ) .

(2 )  Blade Support Tangs — Fi gure A — 25 shows the a i r f o i l  carr ied  in
bonded shear by a loop base scalloped to en~ age the suppor t  hoops which
are attached there by a “D” section pin. Figure A—26 shows six concepts
for carry ing the a i r f o i l  by the hoops , including the concept proposed in
Fi gure A—25 . The most des i rab le  concepts  are desi gn loop No. 4 and No.  5 ,
which show the a i r f o il  laminates  c o n t i n u i n g  around the  tangs w i t h o u t  inter-
r u p t i o n  b y a bonded shear joint ; however , these concepts may prove too d i f f i -
cu l t  to f a b r i c a t e  w i t h o u t  severe f iber  d i s t o r t i o n .  In fac t , any of the six
a i r f o i l — r o o t  loops may be vulnerable  to f i b e r  d i s t o r t i o n , if made a l l  in the
same cure cycle , due to debulking r equ i remen t s .  One so lu t ion  to th is  problem
mi ght  be to f ab r ica te  a sequence of separate , concentric , th in  layers of loops
bonded together  w i t h  a 0 .002—inch  layer of adhesive . Another mi ght be to
s tep—cure  the  l amina tes  as th in  layers  d i r e c t l y  on top of each other (Fi gure
A — 2 6 ) .

The airfoils would be fabricated oversize , then cut to precise length for
assembly.  The small pad s added to the bottom of the tangs would a lso  be
ground to match the rad ius  of the drive sha f t  so tha t  the blade s would be held
r a d i a l l y  outward at assemb ly .

L - ______ _ _ _ _ _



_ _ _ _ _ _ _ _ _  - -~

The ai r fo i l  leading—edge cap would probabl y use the s t a t e — o f — t h e — a r t ,
lead ing—ed ge protect ion u t i l i zed  on other composite blades. It consists of
nickel—plated , bonded—wire , woven mesh which is applied to individual blades
prior to a8sembly.

Blades would be serialized and would have pan and moment weights recorded
for proper selection of matched weights at assembly. If one blade must be
replaced , thereafter , a record could be referred to for select ing the replace-
ment , or a matched pair of blades could be installed at opposite points , if
necessary.

(3) Blade Support Hoops — The support hoops would be fabricated by filament
winding similar to the way rocket cases are wound but with fiber angles more
circumferential for most layers. The hoops would be generated by winding onto
a long , titanium shell; after curing , the individual hoops would be carefully
cut from the shell , leaving the inner titanium ring (shell) as an integral
part of the hoop to help in distributing the point blade loads more uni forml y
into the composite hoops .

The hoops may be made of graphi te or fiberg lass, ma trixed in pol y imide
or epoxy , both choices depending on final analysis. Alternatively ,  they
mi ght be made of boron/aluminum or boron/epoxy . The choice wil l  depend
on aeromechanical decisions on whether or not to incorporate a tip shroud
which , in turn , depend on the final number of blades , and that number
depends on allowable limits of stall margin.

Future efforts in developing this fan concept should include a separate
study to determine the best method of fabricating suport hoops with ~he
greatest  e f f i c i e n c y  iii hoop structure. It should be possible to fabr ica te
hoop structures of thLs geometry , in produc t ion, that would display hoop
tensile strengths in excess of 200,000 psi with unit—to—unit consistency.

It may prove more efficient to generate hoops with straight sectors,
or lands, that coincide with the number of blades. This would reduce bending
stresses in the hoops induced by point blade loads , but this configuration
would be more expensive and would require some means for positive index
relationship, between blades and hoops , that could become complex to accommo-
date.

(4) Blade Ping — The “D” section of the blade pin is sized to resist
bending from blade loads. Bending would tend to cause stress concentra-
tions at the edges of the blade tangs and support hoops. The pins would
probably be made of hard steel or titanium and would most likely be milled out
of a preturned shell profiled to their tangential projection. The front
and aft ends of the pins would be thinned—down for deflection to accommodate
mismatch of radial growth between the hoop—supported blades and the torque
drive shaft (Figure A—25). The top surface of the pins would be rounded , and
perhaps copper—plated , to inhibit fretting where the pin engages the titanium
inner ring of the support hoops.
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(5)  P la t fo rms  — Two concepts  of inner  f l o w — p a t h  p l a t f o r m s have been
s tud ied .  Figure A—25 shows h o l l o w — p l y ,  wrapped composite uni ts tha t nes tle
between b lade  root p r o f i l e s  and are ca r r i ed  by hoops through a curved pin
tha t  engage tangs extendrng inw ard be tween the hoops . The p l a t f o r m  hoops
shown on Fi gure A—25 are located d ir ec t l y above the aft three blade—support
hoops . The f ron t  por t ion  of the p l a t f o r m s  exer t s  less load than  the a f t
portion ; hence , the forward platform hoop can be eliminated to allow more
structural area for blade support at the forward  end of the blade .

It may prove d es Lr a b l e  to provide a s l i gh t  reverse ca tenary  to the
top sur face of the platform unit to expand in a c e n t r i f u g a l  f i e l d  and induce
more blade f i x i t y  or ri g i d i t y  at tha t  area.  It is ant i c ipa ted  tha t  a close—
tolerance f i t  of the p l a t fo rms , or even a f i t  w i th  sl ight  interferenc e,
may impose enough blade f i x i t y  that  the  p l a t f o r m s  would not have to be
bonded to the b lades .  Should bonding become necessary it could be done ,
but it would comp l i c a t e  easy blade replacement . % Qith the reverse—catenar y
f e a t u r e , the p l a t f o r m  could be dr iven r a d i a l l y inward to e f f e c t  sli ght
compression at as semb ly ,  thus , reduc ing  the  r e s p o n s i b i l i t y  of the assemble r
to ma in ta in  precise  to le rance  control  over the b l a d e — t o — p l a t f o r m  i n t e r f a c e .

Fi gure A—26 shows inner f l o w — p a t h  p l a t f o r m s  tha t  bond te e i ther  side
of the blades and extend to proximity with the adjacent  pl a t f o r m s . This
concep t assumes that blade fixity would be no problem with the ti p sh roud
ac t ing to help  suppor t the b lades .  The mat ing  end s of the p l a t f or m s  may
engage each other at a a sloped interface , the t i p side being m a d e - s l i gh t l y
s t i f f e r  than the bottom side so t ha t  centifugal force creates a good air
seal .

(6) P l a t fo rm Support Hoops — the  Fi gure A—25 vers ion  o the super-
s on i c — f l i ght  fan requires  separate  pl a t f o r m — s u p p o r t  hoops , whereas the
Fi gure A—22 version of the TF34 fan utilizes the same support hoops that
carry the blades.  This is due to the 0.4 rad ius  rat io of the superson ic—
f l i ght fan ; the 0.5 r ad iu s  r a t io  of the TF34 fan provides for  more tangen-
tial spacing to structure the hub components.

Manufacture of the platform—support hoops would be s i m i l a r  to
that of the blade—support hoops described above .

( 7 )  Pla t fo rm Pi ns — th e Fi gure A—25 version platforms would
req u ire ci rcular p ins which would probabl y be made wi th a “D” section

- tha t simpl y rabbe ts to the fore and af t torq ue plates as illustrated .
Althoug h they would probably be made of t itanium or steel , boron/aluminum
may prove adequate and would save some weight.

(8) Drive Shaf t — A l i gh twei ght , titanium dr ive shaft for the super—
sonià—fli gh t eng ine would deliver a total of about 245,000 in .—lb of torque to
the blade pins and ac cep t about 9,500 lbf of forward th rust against the
spinner mount plate. Since the drive shaft must only carry itself centrifu-
gally for the most part , it can be a very th in—shelled structure. Two inner—
surface , th i n , bulk rings spaced fore and aft would provide material for
removal to effec t final refinement of the rotor balance.
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(9) Spinner Mount Plate — This circular p la te , made of titanium ,
will rabbet to the front of the drive shaft and face against the forward
plane of the blades and p la t fo rms  (Fi gure A — 2 6 ) .  If deemed necessary ,  a
short engagement into the hollow face of the platform s , as shown in Figure
A—25 , would provide some blade fixity at that point . (But this added feature
would increase the cost and weight.) If each blade provided one square inch
of face against the spinner plate , thrust would impose about 400 psi against
the total composite face of the fan hub .

(10) Aft Air—Seal Plate — The purpose of the a i r—sea l  p l a t e  is to inh ib i t
recirculation of fan-discharge air forward through the hollow platforms . In
addition , if this pla te  engage s the hollow p l a t f o r m s  to e f f e c t  a box—like
stucture to the platforms, it will enhance the blade fixity and improve blade
frequency response. However , if the aft air—seal plate is not required to
effec t blade fixity, it can be made as a simple , self—supporting cone with
less effect on stage weight than if it were structured to engage the platforms .

3.1.4.5 Assembl y and Blade Rep lacement of Pinned—Blade/Hoop Desi gn

Wi th proper assembly fix tures , the hub—support and pla t form hoops
are spaced axiall y ,  and then blades are assembled radially inward until they
rest against the hoops. Once all blades are in place , the shrot’d is dropped
directly over them and oriented so the blade tips align with the tip—support
sockets prebonded to the shroud . Once the blade pins are slid into the blade —
roo t tangs , the blades are pulled radially ou tward , engag ing the shroud
tip sockets until the pins come to rest against the hub—support hoops.
Next , the drive shaft is inserted from the rear , and bolts are inserted
through the drive shaft to engage the aft , hidden locknuts affixed to the
blade—support pins . If separate platforms are utilized , they are inser ted to
engage the suppor t hoops , and their pins are installed. Finally, the forward
sp inner mount plate is installed by being bolted to the drive shaft ; bol ts
engage through it to affix the forward face of the blade—support pins which
are also equipped with fixed locknuts. As the forward sp inner mount pla te
is dropped into place , the pla t form p ins engage a rabbe t ring on the pla te
for radial support in the same way that the aft end is supported .

To replace a blade , the above procedure is reversed .

3.1.4.6 Tip Shroud and Blade Ti p Suppor t

The free hoop stress in a graphite tip shroud for the supersonic—fli ght
fan would be about 64,000 psi; in the TF34 fan it would be about 40,000
psi. The blade tip—support pieces , as well as any erosion—inhibiting surface ,
would impose additional dead—load stress, but this addition would be minimal.

The tip shroud could possibly be made as several full—width units
connected axially as a cylinder which could then be separated into indi-
vidual shrouds in a manner similar to the proposed fabrication of the support
hoops described earlier. This arrangement would permit easy utilization of
some of the more axially oriented fibers to enhance the structural integrity
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of final—machined radial seal teeth , as illustrated on Figure A—25 . The seal
teeth would be final machined within the extra radial bulk generated during
the filament—winding process.

Variations in fiber modulus , wind ing tension , applied heat while wind-
ing , fiber—to—resi n ratio , and winding angle will each affec t final par t
integrity. A program that could study and isola te the e f f ec ts of such
variables would have to be a prerequisite to a final , de tai led , shroud
desi gn.

The proposed b lade—t i p suppor ts  i l l u s t r a t e d  on Fi gure A—25 could probabl y
be made of in jec t ion-molded  Torlon (pol y a m i d i m i d e)  r e i n f o r c e d  wi th  s h o r t — f i b e r
graph ite. The profile would accept the blade tip with a sliding, telescop ing
fit that would allow full operating (rpm) range while maintaining sufficient
engagement to resist loads imposed into the shroud from the blades. In the
even t of severe impac t by a forei gn—object on a blade , one side of the sup-
por t may frac ture away , thus , allowing the blade to de f lec t and return to its
original posi t ion wi thou t ca tas trop ic fai lure. If the relat ive centifugal
growth differences between the blade tips and the ti p sh roud causes ei ther a
severe compression or a tensile force at that intersection , it may be possible
to provide accommodating geometry to effectively float the intersection by
incorporating a tilted or bent blade geometry that could effectively allow
stretch or compression in the length of the blade without inducing prohibitive
stresses in the fan structure . This feature would require considerable study
and proof testing .

Figure A—29 illustrates five tip—shroud—to—blade concepts that may
provide a sol ut ion to the above problem , should it develop. From left to
right , these are:

• “T” t i p desi gn:  re la t ive  growth d i f f e r e n c e is accommodated
by a “D’ ti p on the blade to engage the tip shroud and allow
the ex tremi t ies of the “T” to cen tr i fuge  out wi th the shroud and
maintain constant attachment~

• Thin, flexible—sh roud design:  the thin  shroud is fab rica ted
with straight sections between blade tips. At 100% speed , the
growth of the shroud allows it to become circular without lift—
off  at the blade tips.

• Prebow design: blades are fabricated with a predetermined bow in
the stacking axis. At high speed , the blade stra i ghtens out from
centrifugal force and becomes longer to match the growth of the
ti p shroud , or if the hub grows more than the tip shroud the
blades will compress shorter.

• Pretilt design: blades are made and installed with a predeter-
mined tilt from the root. At high speeds , centrifugal recovery
forces the blades erect , causing a radial growth of the tip which
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matches the growth of the ti p shroud. In other words , as the
shroud grows it rotates tangentially relat ive to the hub , and the
blades can match the relative growth.

• Telescoping design : if blades are stiff enough , the centifugal
growth of the shroud would allow the blade tip to telescope out
of the blade—ti p—s upport socket at a unifrom rate all around the
fan , thus , having no e f fec t no ro tary balance.

3.1.4.7 Ti p Shroud Versus Stall Marg in

Aside from the dynamic s of a t ip shroud , effect on aerodynamic per-
formance would also have to be evaluated. The slotted cavities used in
some casings directl y ove r the fan blade t ips provide broader stall—margin
capabili ties than is offered by smooth casing treatment . If a full ti p
shroud red uces the stall marg in as expec ted , it migh t be possible to
ax ia l l y segment the tip shroud into bands, as i l lustra ted in Fi gure A—30.
Or perhaps , by perfora t ing the shroud di rec t ly over the blade as illus-
trated on Figure A—26 , the shroud could offer more torsional resistance to
the blade tip than the segme n ted bands o f f e r , Fi gure A—30 , while achieving
the desired aerodynamic response.

A stud y was made on what effect variation of the rotor aspect ratio
(number of blades) would have on the stall margin and the efficiency of the
supersonic—fligh t fan first stage . The results are summarized in Table 6.
The stall margins listed are those calculated without the tip shroud or
benefit of casing treatment . The circumferential—groove casing treatment
incorporated in the supersonic—fligh t fa n wil l  provide about 5% additional
stall margin for the base case. Stall margin efficiencies are expressed
as del tas to the base case which is Case I in the tabulation .

Table 6. Rotor Aspect Ratio Versus Stall Margin and Efficiency
for the Supersonic—Fli ght Fan First Stage.

Design Poin t
No. of 

— 
Tm/c Stall Marg in , Efficiency,

Case Rotor Blades Hub Tip

1 18 0.12 0.02 11.0 0
2 18 0.07 0.02 11.0 +0.70
3 24 0.07 0.02 8.6 +0.56
4 32 0.07 0.02 6.2 +0.23

The effect of cont inuous shrouds on aerodynamic performance is not
well established . Much stud y and some actua l demon sta t ion are needed
to confirm theory .
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3 . 1. 5  E v a l u a t i o n  of C a n d i d a t e s

Table 5 (Section 3.1.3) displays the Decision Anal ys is  Wo rkshee ts —

Comparison of Alternatives. Assuming that all versions of the TF34 and
s u p e r s o n i c— f l i ght  fans  meet or exceed the aeromechanical , aerodynamic , and
structural requirements , the top contender fan concept turns out to be the
pinned—b lade/hoop concept. Un t il mo re is known about the e f f e c t of a t ip
shroud on aerod ynamic performance , that parameter cannot be included in
the comparison. Since It may be possible to e l i m i n a t e  the t i p shroud on
any of the f an con cept s by tr ading i t fo r hi gh er hub stresse s induced by
mor e blade  weight , the ti p—shroud parameter may never be necessary in the
comparison .

3.2 TASK II - DESIGN EXTENSION — PINNED —BLADE / HOOP FAN STUDY

The p inned—blade /hoop  concept for  the Stage 1 s u p e r s o n i c — f l i ght  ro tor
shown in Figure 4 was selected for more detailed analysis. In summary ,
t h i s  24—b lade  design inc ludes  a t i p shroud , p in root a t t achment , and a
m u l t i p le compos i t e—r i ng  d i s k .  Besides earn ing  a hi gh r a t i n g  on the decision
anal y5is  worksheet , the  concept  was se lected on the bas i s  of i t s  cha l l eng ing
operational reqtirements for use as the supersonic—fli ght rotor and the chance
to stud y a largE number of innovative ideas. The concept includes provisions
f o r :

• Blade replacement

• Use of a composite d i sk

• A variety of blade airfoil—to—root joining methods

• The use of a blade pin root attachment

• The use of a shroud for  the composite blades

The areas of analysis included :

• Blade vibration

• Blade streses , cen tr i f ugal fo rce , and weight

• Blade airfoil attachment to support—tang lap—shear joining
s t resses

• Pin/loop attachment stresses

• Shroud—to—blade  i n t e r a c t i o n

• Pin stresses

F • M u l t i ple composite—ring disk stresses
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in addition to an overall stress ana l y s i s  of a s u p e r s o n i c — f l i g h t  version
of a p inned—blade/hoop fan , a summa ry of projec ted componen t wei ght , fan
deve lopmen t , and production costs is included in Task II.

3.2.1 Structural Design Analysis of a Supersonic—
Fli ght—Eng ine, Pinned—Blade/Hoop Fan

Table 7 summarizes the results of the stud y and tabula tes s t resss ,
expec ted st reng ths , and marg ins of safety for critical locations and various
requirement conditions . The primary requirement conditions are for burst
speed to 141% operating speed and the 20,000—cycle—life condition at a design
speed of 105% of operating speed . Figure 8 shows estimated strength—versus—
life curves for the selected materials. The curves represent the high—
temperature strength goal s, average minus three standard deviations , that
would be expected fo l lowing  a m a t e r i a l s  development program .

The s t resses  l is ted in the table  are the most c r i t i c a l  s t resses  calcu-
lated ; each is either the maximum stress or the maximum effective stress.
They consist of the calculated stress considering centrifugal forces , bending ,
and distribution effects. The blade distribution effects were based on
factors estimated from stress distributions found on other composite blades
where finite—element analysis  and more ri gorous solutions were employed . The
various stress—distribution factors are also tabulated in Table 7. Specifi-
call y ,  the stress studies included the following :

Blade Root Stresses — Blade average centrifugal stresses were deter-
mined at 15 airfoil—span locations using a beam—solution , time—share program
tha t  was also used to compute the vibrational frequencies. A graphite/pol yi—
mide , O±35 orie nted , high—shear—s trength material was assumed for the
blade. Nickel—plated wire mesh was considered for the blade leading—edge
protection . The maximum stress in the blade airfoil—to—root transition region
was de termined by correcting the average centrifugal stress in this region
by a correction factor of 2.25 to account for the complex blade—camber—to—
attachment transition and air loadings. The 2.25 factor assumes approxir~a tel y
1.5 chordwise distribution and a 1.5 concave—to—convex distribution. Blade
shear s t resses  are considered in the values used for allowable radial strength
in Figure 8.

Blade Attachment Loop Stresses — The s tudied  a t tachment  desi gn con-
sis ts of predomina tel y unidirec tional fibers that extend downward from the
airfoil and loop around a pin , providing high radial strength. The unidirec-
tional plies are interspersed with layers of cross—p lied material , probab ly of
.t45~ orientat ion , to increase the through—the—thickness compression and
shear strengths. The cross—ply material would be placed mostly near the pin
interaction surface to provide the compressive strength where it is most
needed . A thin metal sheathing may be required at the pin—to—composite
interface in a final design to provide more tolerance to fit—up mismatch and
fretting .
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The computed stresses for the loops include the effect of wall—thickness—
to—small—p in radius and distribution factors for pin bending and uneven
a i r f o i l — t o — l o o p  loading . The blade w i l l  be stacked to shift the blade
cen trifugal force reaction aft of the stacking axis. This will perm it
the transmission of more blade loading to the aft attachment loops which
can be made slightly heavier because of less space restriction in this
reg ion. The combined effect of high through—the—thickness compression
and high radial tension is computed as an effective radial tensile stress to
permi t comparison to the radial tensile strenghth for this material.

It is also possible that high , localized , through—the—thickness tensile
stresses will develop in the airfoil immediately above the pin ioop region
due to the division of loading down the two sides of the p in .  If these
stresses exceed the materials allowables , they can be reduced by mechanical
means as discussed la ter  under Pin Stresses .

Airf oil—to Loop Joining Stresses — Althoug h it may he poss ible  to
manufac tu re the pin—attachment loops with Continuous fibers that extend
up in to  the  airfoil , i t  mi ght  be more cost effective to manufacture the

C 
attachment loops and airfoils as two separate moldings and to connect these
using a lap shear adhesive joint. Studies indicate that this can be accom-
plished successfully only by adopting a true adhesive scarf joint arrangement .
Conventiona l lap joints develop peeling stresses that exceed the usual adhesive
tensile strengths. For comparison , Figure A—26 illustrates a lap, joint at
Design 3 and a scarf  jo in t  at Desi gn 6.

The studies show that a scarf joint that extends up into the airfoil ,
and is elastically structured and thermall y matched to the airfoil , w i l l
have an adequate margin of safety.

Shroud Stresses — The shroud consists of filament—wound , boron/polyim ide
mate r ia l  wi th predom ina tel y unidirectional fibers to achieve a combination
of hi gh strength and high stiffness. Sufficient cross—p lied material will
be interspersed to provide shear strength and to restrict blade torsional
d e f l e c t i o n .  Hi gh hoop stiffness is desired to minimize the deflection
mismatch between the blade tip and the shroud . A rotating hoop has more
inherent radial deflection than a blade.

A parametric study was conducted to determine combined hoop and bending
stresses in the shroud as a funct ion of the blade and disk radial  growth.
Shr oud thickness , hoop modul us , and shroud density were varied . Blade
reaction loadings were also determined. Figures 9 through 11 show the com-
bined stress and blade reaction loading versus shroud thickness for different
blade—radial— tip deflec tioris and three different hoop moduli. These show
that , for  the case in which the blade t ips  are ri g id l y a t tached to the
shroud , the shroud modulus should be as hi gh as possible and the shroud should
be as thin as possible. Figure 12 shows a plot of shroud stresses and blade—
tip react ions as a function of blade—tip growth for several thickness of
boron! polyimide shroud s. Average radial growth of the studied blade/disk
a r r angemen t  would be a p p r o x i m a t e l y 0.050 inch at design speed . The free
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shroud radial growth wou ld be appr oxim atel y 0.070 inch and the maximum shroud
stress about 110 ksi. This stress is reasonabl y insensitive to shroud
thickness , over the likely range of thicknesses to be used , but is higher
than allowed to meet the selected design requirement conditions . The use of
a tilted or bowed blade to increase blade—ti p deflec tion, or some sort of ti p
telescoping arrangment , would be required in the final design . Figure A—29
illustra tes several potentially compatible blade/shroud—growt h arrangements.

Pin Stresses — For the arrangement studied , the pins are Inserted
front the aft face of the disk and exte~’od through the blade—root loops and
under the individual disk rings from the aft disk face to the forward disk
face. The pins are subjected to bending and shear load s from the reactions
of the various blade loops and disk rings. Since compressive stresses
are critical both in the blade loops and in the disk rings , and require very
uniform loading , it is necessary to have very low deflec tion rather than
low stresses. Expected pin stresses ate summarized in Table 7. Margins
of safety are high . It is also possible that a stepped or two—piece pin
may be required . This would allow making seve~ al of the aft blade—attachment
loops thicker than is possible at the blade leading—ed ge loop .

Disk—Hoop Stresses — The primary loading on the composite disk hoops
is introduced when the metal pins transmit the blade centrifugal loads.
Each composite hoop is filament—wound over a thinner titan ium hoop and
is made up of predominatly unidirec tional boron/polyimide material with
in terspersed , cross—plied material. The cross—plied material is required
to provide high through—the—thickness compression and shear strength at
the hoop inner surface . High—modulus boron is planned for the hoop , mainl y
to keep the titanium inner—hoop stresses from being excessive . The titanium
hoop spread s the high localized compressive and shear stresses introduced by
the pins. The composite—hoop maximum stress is at the inner 3urface and
consists of thick—wall effect and pin— to—pin bending . An effective stress
that considers the biaxial effect of the superimposed stress on the hoop and
and bending stresses was computed for this condition . The computed effec-
tive stress is 170 ksi at the goal burst—speed condition (141% of operat ing
speed). This exceeds the allowable stress of 153 ksi from Fig ure 8 and
indicates an overspeed burst level of 134% of operating speed . The effective
stress at the design cyclic speed (105% of operating speed) is 94 ksi, which
is less than the cyclic allowable stress and provides a positive margin of
safety for this condition . The results are summarized in Table 7.

3.2 .2  Projected Weight Summary of a Supersonic—Flight—Engine , Pinned —
Blade/Hoop Pan

Components of the latest  version of a supersonic—fl ight pinned—blade/
hoop fan, illustrated on Figure A—26, would display the following :

24 Blades 30 pounds

24 Platforms 3 pounds

24 Pins (Ti) 8 pounds
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Ti p Shro ud 7 pounds

6 Hub Hoops 7 pounds

Titanium Drive Shaft 8 pounds

Erosion Cap and Bolts 4 pounds

To t al 67 pounds

The proposed , solid—titanium Blisk counterpart would weigh 179 pounds.

3.2.3 Cost Anal ysis of Pinned—Bl ade/Hoop Fan

The foll owing cost anal y sis of a p inned—blade/hoop fan , suc h as the
one proposed for the supersonic—fli gh t eng ine ill ustrated on Figure A—25 and
Figure A—26 , is based on the assumption that all preliminary designs and
evaluations are comp le te , and the final design is frozen. Values are ex-
pressed in estimated man—hours of effort rather than in dollars. The man-
hour s of effort lis ted for tooling do not in c lude any t ime for purchas ing
services or eng ineering liaison during the procurment cycle , nor do the
fabrication and machining hours includ e any applied time for engineering or
management . Hours listed are only for ac tual labor applied toward the job.
Costs associated with the various fan components are discussed below.

(1) Six Support Hoops for Blades — A thin , titanium , seamless shell
would be machined from a forg ing or spun from a plate to the required d imen-
sions to encompass one fan—hoop—set unit , or some multi ple in length. There-
af ter , a wide hoop would be wound upon the titanium shell to a specified
pattern and thickness . After cure of the resin system , individua l loops
would be machined out of the long hoop to the req uired profile. For th i s
anal ysis , i t is assumed tha t these hoops can be made circ ular , ra ther than
mul t isided , to reduce çieflection from point loading . If multisidiag is
req uired , costs would be increased significant ly.

(2) Three Support Hoops for Platforms — If the design evolve s to
the Figure A—25 concept , three support hoops would be fabricated much like
the blade—support hoops described above . However , it may not be neces-
sary to leave the titanium shells as an integral part of the platform hoops
since they are much l i gh t e r  than  the b lades .  If the p l a t f o r m s can evolve as
shown on the Figure A—26 concept , these supo rt hoops ca n be e l imina ted.

(3) T~p Shroud — This cost analysis assumes that a smooth shroud ,
nonperfora ted or ax ia l ly  segmen ted , can be utilized . It would be fabricated
in a connec ted axial series and then machined for tip—seal pr of i l e  be fore
being separated from the bulk axial wrap, much like the concep t propo sed
for the hub—support hoops . A thin , metallic , in ner sur face  may be incl uded
fo r erosi on pro tec t ion , but it may be segmented to fit between the blade—
tip moldings so the moldings can be bonded more effectivel y to the parent
shroud material.
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By winding mul t iple units all at one time , the slightl y more axial
fibers will improve the structural integrity of the machined ti p—seal teeth of
the later (if, indeed , they remain a design feature).

If a perforated tip shroud evolves as a means of implementing broader
stall—marg in capability, the fabrication costs will increase significantly.

(4) Twenty—Four Airfoils with Root Ta~~~ 
— Whether the air foils are

integrall y connected with the root tangs (Designs 4 and 5, Figure A—26)
or are bonded in assemb ly through scarf joints on lap shear (Designs 1, 2,
3, and 6; Figures A—25 and A—26), the over all cos ts should be abo ut the
same, especially for the initial units. The concepts of Designs 4 and 5
(Fi gure A—26) utilize fewer parts and require no intermediate machining
for matched profile bond ing , but tooling costs and labor for layup could
be high enough to nullify the advantages of fewer parts.

(5) Twenty—Four Platforms — If platforms evolve in the way illus-
trated on Figure A—25 , they may be made as thin , hollow—shell wrappings of
cross—plied laminates with the top airflow surface concaved inward as as
inverted catenary that would exert sideways pressure in a centrifugal field.
If other internal ribbing is necessary, it could be secondarily bonded inter-
nally at a slope and likewise incorporate a catenary profile that induces
sideways pressure , as illustrated on Figure A—b . These platforms would be
slightl y flexible and could , therefore , be driven radially inward at assembly
to accommodate tolerance variations in parts while contributing significantl y
to blade fixity, if required .

If the platforms evolve as simple moldings bonded to the airfoils ,
as illustrated on Figure A—26 , they could probab ly be formed with laminates
and incorporate ribs for support , using expanding , rubber—trapped molds
to achieve a dense cure; this is standard practice for similar geometry
in many airframe applications .

With either approach, the cost of tooling and parts should be about
the same.

(6) Twenty—Four Blade Pins — Straight — At this point, it is assumed
t.iat the blade root shank can t rans it ion  from the required airfoil shape at
the flow path to a straight line parallel to the fan axis at the poin t of
a t tachment to the suppor t hoops ; thu s , the R D” section pin can be assembled
axially (Figure A—26), as opposed to curved (Figure A—25).

It is propo sed t hat a steel she ll en compass ing the tangential profile
of the pin be turned out of a forging . Individual pins would then be ex-
tracted from the shell by a milling operation that continue s to profile
the inner radius to match the blad e tang loops. Pins would then have the
curved , outer surface plated with copper or some other antifretting material
to interface with the inner , titanium shell of the hub—support hoops.
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If the pins must be made circular , as i l l u s t r a t e d  on Fi gur e A—25 ,
the cos t could increase sig n i f i c a n tly.

(7) Twenty—Four Platform Pins — Curved — Because of the low radius
ra t io , it is impossible to utilize the same arrangement of support hoops for
the platforms on the supersonic—fli ght fan as could be used on the TF34
eng ine , Figure A—22 . Therefore, since the poi nt of pla t form attachmen t is
higher than the poin t of blade att achment , as sembl y requires that the platform
pins be curved , para l le l  wi th the blad e sh ank , and forced into a true radius.
Any p r o f i l e  other than true radius  could not be assembled .

These pins cou ld probab l y be machined from a titanium shell of revolu-
tion more easil y than final—curving to the required prof i l e  f rom an ex t ruded
shape .

(8) Twenty—Four Blade—Tip Molding s — The blade—ti p moldings that posi-
tion the blades to the tip shroud could poss ib ly  be injection—molded with
Torlo n, or they could be layed up with cross—ply laminates , for higher integrity,
and cured to p r o f i l e  b e f o r e  bond ing them in proper index to the shroud .
Ei ther approach would cos t abo ut the same for developmen t , but injection—
molded Torlon pieces would be more economical in production if they prove to
have adeq uate strength.

(9) Aft Air Seal — The aft air seal would be molded from cross—plied
or woven laminates to net shape . The net shape may includ e some taper since
it is simply trapped in assembl y and must carry itself centrifugall y .

(10) and (11) Drive Shaft and Spinner Plates — The lightwe ight , titanium
drive shaft and spinner plate could be machined by au toma t ic , tape—controlled
equipment from nearl y net forg ings .

( 12)  Assembl y and Balance — The assemb ly of each fan would be accom-
pl i shed  wi th precision fixturing in the sequence described in Section 3.1.4.5.
Each blade and platform would be moment—we ighed and paired wi th an opposite
mate. The tip shroud and hub—support hoops would be previousl y bala nced
along with the hub , sp inner p la te , and aft air seal. After assembly ,  balan ce
would he refined by sl i ght metal removal in the hub at bulk rings included for
t ha t  purpose .  If more pronounced balance is required , perhaps  t h i n  p l i~~c of
cc’~ipos te ~~ri~~ co u ld be bonded to the i~ic id e surfac.~ ~f ~±e L~~- rh~ oud .

( 13) Sp in Test — Completed fans  would be sp in tes ted to a prede termined
overspeed level prior to engine- .assembl y .  *, .

Summary — The projected cost of producing the proposed , supersonic—
f l i g ht , pinned—blade/hoop fan , such as it is conceived on Figure A—26, is
summarized in Table 8 in terms of man—hour s for tooling and for the first
and 250th units. The estimated effort does not includ e any design effort
or eng ineering/managemen t coverage. Hours listed are reasonable estimates
based on past experience , but they should only be used for bud geting estimates.
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Table 8. Estimated Man—Hour Summary, Pinned—Blade/Hoop Fan.

Fan Component Tooling First Unit 250th Unit

1. 6 Support Hoops/Blades 80 160 16

2. 3 Support Hoops/Platforms 80 80 8

3. Ti p Shroud (Nonperfora t ed ) 120 160 16

4. 24 Airfoils/Tangs 1600 1000 100

5. 24 Platforms 600 400 50

6. 24 Blade Pins — Strai gh t 200 200 8

7. 24 Platform Pins — Curved 300 400 16

8. 24 Blade—Tip Moldings 400 100 8

9. Aft Air Seal 125 40 8

10. Drive Shaft  200 400 40

11. Spinner Plate 100 120 20

12. Assemb ly and Balance 250 80 8

13. Spin Test (Not Instrumented) 100 20 4

14. Contingency at 10% 345 340 40 -

4500 hrs 3500 hrs 342 hrs

• Materials are not included

• Inspection is included
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4.0 PHASE II — SUPERSONIC—FLIGHT SECOND—STAGE FAN, COMPRESSOR ROTOR,
AND SHAFT DESIGN

Th i s  phase of the contract was limited to the following supersonic—
f l i gh t eng ine compone nt s:

• Stage 1 fan

• Stage s 1 and 2 core compressor

• Drive s h a f t  between fan Stages 1 and 2

4.1 DESIGN CONDITIONS /REQUIREMENTS —

Design condi tions and requirements were defined for the supersonic—
f l i ght , second—stage—far. rotor; for the s u p e r s o n i c — f l i ght , f i r s t  and
second stages of the compressor rotor ; and for the forward , low—pressure—
turbine , drive shaft between the first and second stages. Tables 9, 10,
and 11 give the design requi rements  for these three areas . These are
compat ib le  w i t h  the desi gn requi rements  l i s ted in Sect ion 8 . 1.3 .

4 .2  DESIGN CRITERIA

The conf i gura t ions  described in Sections 4.3 and 4.4 were conceptually
developed and sized to meet the various speeds and special conditions out-
lined in the requirements. However, only minimal study was conducted for
these components because the maximum operating temperatures were con-
sidered too extreme for polymeric—c omposite components.

The composite structural concepts identified for each area have
specific unique fea tures tha t would be subjec ted to anal yses similar to
those outlined for the fan rotor in Section 3.1.3.

4.3  SUPERSONIC—FLIGHT—EN GINE SECOND-STAGE FAN AND COMPRESSOR

The following concep tual designs were illustrated from preliminary
anal ys is  of the desi gn conditions and criteria discussed above :

Fi gure A— l2 — Second—Stage Fan — Comet Blisk

Fi gure A—27 — Second—Stage Fan — Pinned-Blade/Hoop Rotor

Both drawings include proposed composite dr ive shafts which are dis-
cussed in the following section , 4.4 .

Fi gure A—3l — Compressor Stages l and 2

46 

---~~~~~~~~~~~~~- - -~~~~ _ 



- _ _ _ _ _  
_ _ _ _ _ _  _ _- -

Table 9. Design Requ irements  for Compos i te , Supersonic—
Fli ght Compressor , Stages I and 2.

Physical Speed 15,100 rpm

Design Life and Cycles

• Operating Life 4000 hrs

• Design Du ty Cycles 8000

Blad e Hub Temperatures (Standard Condition)

• Stage 1 490 ° F

• Stage 2 610’ F

Vibratory and Structural Requirements

• High—F l exura l—S t if fnes s  Desi gn

• High—Torsional—Stiffness Design

• St reses within  Allowable Stress Range Diagram
with Sufficient  Vibratory Margin
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Table 10. Design Requirements for Composite , Supersonic—
Fligh t Fan Rotor , Stage 2.

Design Mechanical Speeds

• Maximum Operation (Na) 10,500 rpm

• Design (1.05 Na) 11 ,025 rpm

• Design Burst (1.41 Na) 14,805 rpm

• Design Tip Speed 1732 f t/ sec

Design Life  and Cycle

• Operating Life 4000 hrs

• Operating Cycles 20,000

• Vibratory Cycles 3 x l0~

Special Conditions (Dash )

Blade Root 520° F

Blade Ti p 600° F
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Table It. Design Requirements for Composite, Supersonic—
Flight Engine Shafting (Forward LPT Shaft).

Design Speed io ,soo rpm

Design Life and Cycle

• Operating 4000 hrs

• Low Cyc le Fa tigue 20,000 cycles

• High Cycle Fatigue 3 x 1O7 cycles

Shaft Horsepower

1st Stage 17,700

2nd Stage 15,600

Total Rotor 33,300

Shaft Torque

1st Stage 130,000 in.—lb

2nd Stage 114,000 in.—lb

Total Rotor 244,000 in.—lb

Shaft Temperature (Standard Condition) 200 • F

Vibratory and Structural Requirments

• High Flexural Sti f fness  — Operates at 15% above
2/Rev at Na

• High Torsional St iffness

• Stress Within Allowable Limits for Two—Blade—Out
Vibratory Response
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The Fi gure A—l2 (Comet Blisk) version of the second—stage , supersonic—
f l i ght fan would weigh about 52 pounds; the projected all-metal Stage 2
fan would weigh 112 pounds. The Figure A—27 pinned—blade/hoop version
of the second—stage fan would weigh about 43 pounds .

Since the second—stage fan would run about 150 ° F hotter than the
first—stage fan , the extreme temperatures imposed by the dash condition
may exceed the current capabilities of polyimide materials. However, it
is ant ici pated that improvements in poly imide materials or metal-m atrix
composites may enhance the prospect for this fan at some future date.

The first— and second—stage supersonic—flight core compressor illus-
trated on Figure A—31 shows the current metal disk profile in phantom for
direct comparison with the proposed filament—wound—hoop concept. The total
wei gh t saving is about six pounds (53 versus 47).

Cycle analysis indicated that the soak temperature of this hoop area
of the compressor will be slight ly over 600° F, which exceeds the capa—
bili ties of proposed polyimide materials. According l y ,  an in-depth analysis
of the compressor concept was terminated.

4.4 SUPERSONIC—FLIGHT ENGINE COMPOSITE DRIVE SHAFT

The two sections of a proposed composite drive sha f t  i l l u s t r a t ed  on
Fi gure A—27 would save weight over the current metal counterpart with two
differen t versions as listed below :

Wei ght Savings

Graphite/polyimide 4 pounds

Boron/aluminum 6 pounds

Figure A—27 illustrates shaft end attachments diffusion—b onded for
boron/aluminum shafting . Figure A—l2 shows just a forward shaft section
which is redundantly bonded and clamped for end attachments as proposed
for a graphite/poly imide version .

Both versions of composite shafting could be either filament—wound or
composited with unidirectional laminates that overlap and genera te more
section thickness as the radius decreases.

L 
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5.0 VIBRATION ANALYSIS AND PARAMETRIC STUDY OF COMPOSITE BLADES
FOR A SUPERSO NIC—FLIGHT STAGE-ONE FAN ROTOR

5.1 INTRODUCTION

The number of blades in a stage, the thicknesses of the blades , and
the distribution of the thicknesses are usually selected in conjunction
with aerodynamic parameters to satisfy various blade vibrational require-
ments. The final blade configuration may vary significantly, the final
form depending on the blade-material properties and whether the blades
are shrouded . Blade weights, loadings , and stresses , which affect the
blade attachment and disk design , are a function of the blade material
and configuration. The use of composite materials permits large flexi-
bility in the material properties employed and leads to generally light—
weight designs. The use of shrouds on blades has considerable effect on
raising vibratory frequencies .

Parametric studies were conducted to assess blade loading, stresses ,
and vibrational characteristics as a function of variations in blade
properties, thicknesses, and the number of blades in the stage, with
and without tip shrouds for a supersonic—flight , first—stage fan rotor .
The limiting parameters were defined by comparing the results of the
studies with vibration requirements.

5.2 VIBRATION ANALYSIS

Blade vibration requirements were taken as follows:

1. The first flexural frequency of the blade must be at least 10%
greater than 2/rev at 115% speed .

2. The first torsional frequency must be high enough to prevent
instabili ty ( f l u t t e r) .

The f i rat—flexura l—frequency  requirement was selected to provide a
high—flex blade with a first flexural frequency that never crosses the two—
per—rev line during engine operation. The two—per—r ev line is the plot
of two cycles or excitations per rotor revolution versus rotor rpm .
Figure 13 shows a typical Campbell diagram depicting this case.

Blades can be highly stressed from vibrations induced by two—per—rev
inlet distortion caused by a circumferential variation in inlet pressure or
other stimuli. A high—flex blade will not be influenced by this phenomenon
since the first flexural frequency never crosses the two—per—r ev line
throughout the entire operating range, and the blade fundamental resonance
will never coincide with a two—per—rev excitation . The number of struts,
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vanes , bleed holes , etc., in the rotor vicinity will be selected in con-
junction with the final selection of the number of blades to ensure that
no ex cita t ional sources will st r ongl y in f luence  the blades at other resonant
integer f requencies .

The second requirement , relating to the blade torsional frequency,
is to prevent blade instabilty, or flutter , which is caused by self—excited
vibration with aerodynamic/blade elastic feedback and airstream forces which
vary as a function of blade motion. This requirement is satisfied in prelim—
m ary design by the use of limits on an empirical relation termed “the reduced—
velocity parameter .” The reduced—velocity parameter that is used to control
this condition is defined as:

V = 
W where b = 1/2 chord at 5/6 span (feet)r b L t

W = average air velocity relative to the
blad e over the outer 1/3 of the span
(feet/second)

= first torsional frequency at design
rpm (radians/second)

Values of Vr are normal ly kept below 1.4, but a value of 1.0 was used
in this study to be conservative .

The vibration analysis consisted of determining the first f1ext~ra 1 and
first torsional frequencies , at operating speed for various blad e designs ,
and then comparing them to the frequencies required to satisfy the vibratory
requiremen t .

5.3 PARAMETRIC STUDY

Table 12 tabulates the blade chord , stagger , camber , and thickness—to—
chord ra tio (Tm/c) versus span for a proposed 18—blade , unshrouded design;
Figur e 13 shows a Campbell diagram for this fan.

For this study, the stagger and camber were kept the same at the pro-
posed 18—blade design , but the chord was changed inversely with the number
of blades. Thicknesses and material properties were varied to satisfy the
the requirements of individual cases. A time—share program was used to
compute blade freqeuncies, stresses, loads, and weights.

Figure 14 shows a comparison of calculated and required firat—flexural
and first—torsonial frequencies as functions of the number of shrouded ,
graphite polyimide blades in the first stage of the supersonic—flight rotor.
It is seen that for the case of 9% Tm/c, 27 blades or less in the stage will
satisfy the vibratory requirements. A lower number of blades in the stage
g ives hi gher vibratory margin while a higher number of blades provides lower
stage weight and l ower blade—root—attachment stresses.
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Table 12. Proposed Supersonic—Flight , Stage 1 Fan Blade
Geometry — 18 Blade Design.

Distance IFrom Engine
Centerline Chord Stagger Camber
(Inches) (Inches) (Degrees) (Degrees) Tm/c

18.00 9.567 6l.39 —1 .84 0.0-21.8

17.00 9.377 58.61 —0.05 0.0255

16.00 9.189 55.42 2.35 0.0263

15.00 8.994 51.79 6.31 0.0279

14.00 8.795 47.67 11.84 0.0366

13.00 8.623 43.03 20.84 0.0515

12.00 8.432 38.06 32.73 0.0692

11.00 8.223 32.39 51.92 0.0883

10.00 7.980 24.84 73.19 0.1067

9.00 7.742 17.58 85.92 0.1156

8.00 7.596 10.06 95.63 0.1170

7.00 7.580 2.45 100.68 0.1167

6.00 7.718 —— — 103.02 0.1139

5.47 7.851 ——— 103.38 0.1118
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Figure 15 shows a similar comparison for unshrouded , boron—po lyimide
blades. For unshrouded blades , the rotor must have 18 or fewer blades to
satisfy the vibratory requirements. Unshrouded graphite—polyimide blades
would require even fewer blades in the stage .

Blade centrifugal force and stress are plotted as a function of the
blad e span (Figure 16) for a 24—blade , graphite/po lyimide , shrouded—blad e
case. This is the case used for various composite—blade designs studied . The
24—blade case was used primarily to provide a reasonable compromise between
the number of blades from a manufacturing cost standpoint and the number for
minimum weight , while still satisfying vibratory requirements. If necessary ,
to satisfy root—attachment strength limits , a 26—blade design would be possi-
ble , and with a 24—blade design the Tm/c could be reduced to less than 9%.
Fi gure 17 shows the effect on attachment loading of changing the number of
blades while not chang ing the Tm/c distribution . It is seen that a 26—blad e
design has approximately 17% lower centrifugal load than a 24—blade design.
Since the airfoil chord will also be reduced for a larger number of blades, it
could be expected that the average shear stress in a lap or scarf—type attach-
ment would be approximately 9% lower for a 26—blade design than for a 24—blade
design.
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6.0 CONCLUSIONS AND RECOMMENDATIONS

The results of this study indicate that composite fans are feasible
both for the TF34 and for a supersonic—flight engine . In particular , the
pinned—blade/hoop fan design shows significant advantages in weight and cost
over equivalent metal fans, and it is the only fan evolved that offers readilyr replaceable blades.

The current state of development of high— temperature poly imide materials
is somewhat marginal for the supersonic—fli ght composite fan at maximum dash
performance , but it is anticipated that current efforts to upgrade this
material for extended life at 550° F wi l l  be successf ul by the time the
pol yimide may be required for an ac tua i— eng ine fan demonstra t ion.  In any
case , metal—matrix composites o f f e r  po ten t i a l  as m a t e r i a l  for the higher
tempera ture app lications .

The success of a pinned—blade/hoop—s upported fan , such as the concep t
illustrated on Figure A—25 , is hi ghl y dependent on the ability to achieve
cons i s t en t ly e f f e c t i v e  jo in t s  and structural support hoops. These joints and
hoops must  d i sp lay a total load—carry ing ability that allows conservative
margins of safe ty  throughout the normal life of the engine including over
20 ,000 start—up cycles. A program to design , fabricate , test , and eval uate
a series of joints and hoops is proposed below as the logical follow—on effort
to be accom plish& prior to any final design and eventual fabrication of
actual hardware for this fan concept.

The following proposed program would impose representat ive engine envi—
ronments onto the specific test components through cyclic—loading and ultimate—
strength test. A correlation between design , fabrication , and test results
would be plotted so as to isolate contribut ing elements in a way that would
provide meaningful design parameters for optimizing the structural integrity
of the required joints and hoops.

Initially, a single hoop program may well satisfy both the hub—support
hoops and the blade—tip—shroud hoop. The blade—root shear joint and tang/hoop
joint could probably be combined into a simple , two—dimens ional ,
joint—test coupon. By varying the material sections , the relative strengths

F of the shear joint and the blade—root tangs could each be isolated and
tailored to nearly equal strength for maximum efficiency.

The culmination of this hoop and joint investigation could be a
relatively low—cost , two—dimensional , spin—test specimen representing the
final fan structure with the full number of simulated blades (Figure A—28).
This two—dimensional demonstrator would isolate the sructural dynamics of
the fan , but it would require a final , three—dimensional , aerodynamic fan to
verify the integrity before it could be deemed acceptable for an actual
engine demonstration.
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The hoop program would consider such variables as types of fibers and
binders , fiber modulus , winding tension and angle , ratio of fiber to binder ,
cure and postcure cycles , fiber—bundle count , and the possible stratifica-
tion of different fibers and fiber moduli as hoop thickness increases.
Also to be explored would be the prospect of winding clustered hoops into
long cylinders , similar to pressure vessels or rocket cases , and then cutting
the individual hoops therefrom to reduce cost and improve hoop uniformity
and fiber efficiency.

A demonstrated high degree of hoop efficiency and structural integrity
may open doors to invention in other areas of engine technology with payoffs
even beyond the scope of this particular program , such as FOD containment ,
possible compression— structured ceramic turbines , and composite frames.

The e f fec t of a tip shroud on fan aerodynamic performance and stall
margin is not known and may require a fan aerodynamic test to determine
the influence.

The near—term prospects of utilizing polyimide materials in the first
compressor stage of a supersonic—flight engine are not favorable because
maximum temperatures in that area could exceed 600° F (which current ly is
beyond the limits for polyimide materials). This temperature , however,
is within the limits of metal—matrix composites such as bo:in/aluminum .

Environmental Impact — No adverse environmental consequences are foreseen
either from the development of these fans or from future scale—up to produc-
tion quantities of such fans.
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APPENDIX A. ILLUSTRATIONS OF TF34 AND SUPERSONIC—FLIGHT ROTOR CONCEPTS.

/ This appendix contains figures representing the following General
Electric , Aircraft Engine Group drawings :

Figure GE Drawing No.

A—l 4013057—814
A—2 4013057—909
A—3 4013057—812
A—4 4013057—815
A—5 4013057—816
A—6 4013057—901
A—7 4013057—903
A—8 4013057—908
A—9 4013057—913
A—b 4013057—915
A—li 4013057—916
A—12 4013057—911
A—l3 4013057—912
A—l4 4013057—817
A—l5 4013057—904
A— 16 4013057—905
A—li 4013057—910
A—18 4013057—902
A—l9 4013057—906
A—20 4013057—907
A—2l 4013057—917
A—22 4013057—920
A—23 4013057—918
A—24 4013057—919
A—25 4013057—925
A—26 4013057—958
A—27 4013057—922
A—28 4013057—946
A—29 4013057—921
A—30 4013057—938
A— 3l 40 13057—9 14
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Figure A—i. TF34 Composite Blisk: Double Lap Shear Design.
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Figure A-i. TF34 Composite Blisk: Double Lap Shear Design (Concluded).
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Figure A—2. TF34 Composite Blisk: Double Lap Shear Design (Radial Dovetail
Spoke).
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Figure A—2 . TF34 Composite Blisk: Double Lap Shear Design (Radial Dovetail
Spoke) (Concluded).
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Figure A—3. Supersonic—Flight Composite Blisk: Double Lap Shear Design
(Radial Dovetail Spoke).
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Figure A—3. Supersonic—Flight Composite Blisk: Double Lap Shear Design
(Radial Dovetail Spoke) (Concluded).
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Figure A—4. Supersonic—Flight Composite Blisk: Double Lap Shear Design
(Radius Slot).
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Replacement.
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Figure A—21. Supersonic—Flight Composite Blisk: Tuning Fork and Hoop Blade
Replacement (Concluded).
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Figure A—23. Supersonic—Flight Composite Blisk: Pinned—Blade/Hoop Rotor.
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Figure A—24 . Supersonic—Flight Composite Blisk: Pinned—Blade and Platform-.
Support—Hoop Rotor.
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Figure A—25. Supersonic—Flight Composite Blisk: Pinned—Blade and Platform—
Support—Hoop Rotor.
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Figure A—26. Supersonic—Flight Hu sk: Pinned—Blade and Support—Hoop Rotor.
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Figure A—26. Supersonic—Flight Blisk: Pinned—Blade and Support—Hoop Rotor
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Figure A—29. Supersonic—Flight Compressor Stage 1 and 2 Composite Disk.
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Figure A—29 . Supersonic—Flight Compressor Stage 1 and 2 Composite Disk
(Concluded).
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Figure A—30. Supersonic—Flight HUsk: Tip—Shroud Stall—Margin Control.
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Figure A—31. Supersonic—Flight Compressor Stage 1 and 2 Composite Disk.
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