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1.0 INTRODUCTION

The General Electric Company, in a joint effort with NASA, has been
engaged in a continuing program to define the advancements in component and
system technolopy which will lead to advanced lift fan systems applicable
to vertical and short taw:off and landing (V/STOL) aircraft. The turbotip
1ift fan concept has been shown consistently to b: an attractive system for
propulsion in V/STOL aircraft.

Recently, an application was identified wsing V/STOL alrcraft to meet
the Navy applications in the mid to late 1980 period. Intepgrated NASA
sponsared aircraft and propulsion studies wers conducted and succeeded in
defining the specific requirements of the turbotip fan system for this Navy
multimission aircraft. Subsequent preliminary design studies were com-
pleted and are summarized in Reference 1. The specific turbotip fan system
selected was a 59-inch diameter fan driven by a growth version of the J97
engine. The propulsion system consists of three gas-coupled fan systems
and either two or three engines. The fan system was identified as the
LCF459,

In coincidence with these activities, NASA initiated studies to define
& research and technology ailrcraft (RTA). The intent of this aircraft
program is to provide a technology base directly applicable to the needs
for the operational aircraft system. The ailreraft is to be a modification
of an existing aircraft which is in a gross weight category comparable
with the operational aireraft, In addition, the propulsion system will be
representative of the operational system, with design changes and modifica-
tions consistent with a low cost, low risk approach.

In support of this activity, design studies were conducted, under
contract with NASA, to determine changes and modifications of the LCF459
for reductlons of cost. The gas generator for use in the RTA Program was
also defined as the YJ97~GE-100. This engine 1s a close derivative, with
only minor changes, of the available YJ97-GE-3 engine used in a different
alrcraft program.

This report summarizes the recults of these cost reduction studies
directed towards definltion of a turbotip fan system for the NASA researcu
and technology aircraft.



2,0 SUMMARY

Preliminary design studies have defined the LCF459 turbotip fan for
use as propulsion in a multimission Navy V/STOL aircraft., NASA ig also
considering a research and technology ailrcraft (RTA) using similar propul-
slon systems. A study was performed to define those design changes of the
LCr459 that would meet the requirements of the RTA and at the same time
show a reduction in manufacturing cost of the fan system., Design changes
were defined which yielded 15 percent lower fan unit costs. These changes
included the following:

° Substitution of lower cost materials whenever possible.
] Simplifdication of seroll geometry and mounting.

. Modified turbine~to-fan blade attachment including a new
cooling system.

. A simplified integral bearing lubrication system.

The cost of incorporating these numerous features in the LCF459 fan
produced a weight increase from 386 kg (850 1lbs) to 416 kg (917 1lbs). The
design changes also represent additional benefits in lower risks and in-
creased rellability over the oxiginal design.




3.0 REQUIRFMENTS

3.1 Duty Cycle

The propulslion system for a research aircraft 18 required to operate
in an environment quite different from tbe operational system. The Elight
duty cyele involves many takeoff and landing maneuvers with short cruise
mission legs. Thus, the propulsion components are subject to a large
number of eycles., This high cycile requirement is partially offset by a
lower design life requirement. For these design studies, in conjunction
with NASA, the duty cycle and life requirements of the turbetip fan for the
RTA were defined, Figure 1 gives the research duty cycle which consists of
one cruise wission, three short takeoff (STOL) circuits, and three vertical
takeo¥f (VTOL) circuits per hour of operation.

Conversion of these duty cycles to the normal parameters required for
propulsion desipgn produced the breakdown as shown in the following table:

Cyele Comparison

Percent of Life ASW RTA
vVTO 0.7 10.0
Intermediate 5.0 13.3
75% to Inter 11.0 70.0
Less than 75% 83.3 6.7
Cycles per Hour 0.6 12.0
Misslon Severity 1.0 15 to 20

F~t comparison, a similar breakdown is given for a typical antisub-
marine warfare (ASW) mission. Comparison of the mission shows that the
research duty cyele is about 15 to 20 times more severe than an operational
mission,

For the 10 percent of operating time gpent during takeoff and landing,
the propulsion componentts will be subjected to rapid cyclic variations
associated with thrust modulation for alreraft attitude control. TFor these
studies, the thrust changes for control were selected to be 20 percent of
the fan nominal 1ift during takeoff, This level of control power is con~
sistent with the results of numarocus aircraft system studies. The duration
and frequency of these control excurslons, to be used in the design of
propulsion for the RTA, are as shown in Figure 2.
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3.2 Design Life

Design life of the propulsion system has a significant effect on
system wedght and cost, For the rescarch type mission, the percent of
exposure time to high power levels and the number of start-stop cycles are
also relatively high. Combining these effects, the design life selected
for these design studies was as follows:

) hot parta.....600 hours.
. cold parts...l200 hours.
Based on the RTA duty cycle, the time in VTO mode was set at 10 percent of

the design life and the number of start-stop cycles shall be at least 12
per hour of 1life,

3.3 Design Requirements

The design requlrements established for the design studies were based
on the requirements of Reference 2, with modifications, The significant
changes to the speclfications include the E£ollowlng:

. Bird ingestion limited to one 2.2 pound bird with some
minor fan damage.

. Reduced minimum loads of 2.0 radians per second maximum.
] No provision for fan blade containment.
. Reduction of sand ingestion requiraments co two hours,

In addition to the military standard requirements, certain desirable
design features or requirements were also established, such ag:

. On-wing fan blade, rotor disk, and sump removal.

. Integral fan lubrication system, separate from the engine.

. Provisions for aireraft accessory power takeoff from the fan
Bhaft.

3.4 Gas Generator

The YJ97-GI-100 gas generator was selected for the RTA system bagsed on
engine availability, low cost for refurbishment of the engine, and the good
match of available gas horsepower. As established in the RTA requirements,
the aircraft shall be capable of a vertiecal landing following faillure of

one of the gas generators. This requirement necessitates the use of three
gas generaters for the system,

The propulsion package for the RTA thus consists of three gas-coupled
LCF459 fans and three YJ97-GE-100 engines.



4,0 TURBOTIP FAN DESCRIPTION

The LCF459 1s a high bypass fon system gas-conpled to a roemote gas
source or engine, Tigure 3 shows a sketch of the LCF459 as the design
oxlsted ot the initlation of these cust reduction studles, Detalls ol the
doesign are given in References 1 and 3, The major Lan components are
identilied, such as the scroll, rear frame, fan rotor, tip turbine, and
bearing system, The fan system is designed to he seli-suflficient, without
using any gas goenorator aystoms for lubrication or cooling.,

Scroll
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Figure 3, LCF459 Fan at Conclusion of Preliminary Design Siudies,



5.0 COST REDUCTION STUDIES

The primary objective of the studies was to reduce the manufacturing
costs of the LCF459 turbotip fan system, The approach was to concentrate
on those areas where design and/or material changes would produce signifi-
cant savings. The objectives weve to reduce the manufacturing costs per
unit by 20 percent. The areas given particular attention ingluded:

. Scroll design and material.

] Rotor blade material,

. Method of rotor blade to turbine carrier attachment.
) Rear frame material.

. Lubrieation system and sumps.

The following discussion describes the design features considered and the
results of these cost reduction studies.

5,1 Secroll

The scroll of a turbotilp fan is normally the highest value component
of the fan assembly, represerting akout one-third of the total cost. Cost
reduction studies of this conponent were directed at four areas of the
design:

. Material changes, particularly from René 41 to HS188 for the
major scroll structure,

. Elimination of the inner-outer scroll configuration.
. Simplification of scroll mounting.
) Simplification of seroll structure around the inlet duct.

The reference LCF459 scroll as defined at the conclusion aof the pre-
liminary design studies incorporated an inner and outer screll arrangement.
A sketch of this arrangement is shown in Figure 4, The requirement for the
double scroll arrangement is brought about by the scroll operating areas
required for a two engine, three fan arrangement. Operational V/STOL
gystems, as proposed by the ailrframers, use two engines divided among three
fans in the takeoff mode, Thus the seroll for each fan is fed through the
240° outer scroll with the 120° segment closed by a valve located
at the inlet to the inner scroll, Figure 4, If a single wall scroll con-
figuration were used, the inactive arec would have a low duct metal or skin
temperature while the active arc would be at engine exhaust gas temperature.
This large temperature difference, active versus inactive arcs, would
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Figure 4, Scroll, Double-Wall Design Shutoff Valve.



produce intolerable thermal stress and distortion of the scroll structure,
The double scroll, inner and outer, is the method selected to yleld more
untiform temperatures and thus acceptable viresses and distortion. This
double wall configuration represented a relatively expensive but desirable
arrangement,

For systems operating at the takeoff condition in an RTA, three gas
generators will be used to drive three. fans and the scroll will be uniformly
heated. The temperature difference due to partial arc operation, and the
requirement for a double wall scroll no longer exist. However, partial arc
opertcion is still required during one engine inoperative (OEI) conditions,
and scroll shutolf 1s accomplished uuing a valve in one arm of the scroll,
Figure 5. This method of partial arc operatlon; for an RTA, is acceptable
for the following reasons:

) OEL conditions will exlst only after the fan has been operating
for some time at the full-arc. all engine operating condition.
The full scroll structure would be uniformly heated,

) Operation in the OEI condition will occur for only about 30
geconds, during which time the inactive arc structure will not
ccol down significantly.

. OEI conditious are mot a normal, every flight occurrence. OEI
operation will probably be investigated during RTA flight
testing tuat will represent only about 5 to 10 percent of the
total fan operating time.

A significant scroll cost reductlon was achieved by elimination of the
double wall construction. Another significant seroll cost reduction can be
obtained through substitution of a less exotic material in place of the
René 41, Tirst, the temperature levels will be lower for the YJ97-GE-100
engine as compared to growth J97 or advanced cycle engines. Secondly, the
engines will operate at lower power settings since a three engine~LCF439
configuration will kave a maximum thrust capability of about 146.8 kN
(33,000 pounds) as compared to an aircraft thrust requirement of about
124.6 kN (28,000 pounds). At this reduced thrust setting, the scroll
temperature will be significantly lower.

The two less exotic materials considered for fabrication of the scroll
were Hastelloy X and HS188, Both of these materials have been used for the
fabrication of scrolls, ducting, and diverter valves of previcus turbotip
systems, The HS188 material was selected for the scroll design because of
its higher rupture strength and ductility along with relative ease of
manufacture and field weld repair, Figure 6 c¢umpares the material proper-
ties of Hastelloy X and HS188, The one disadvantage of the HS188 iz its 10%
greater density due to a cobalt base of HS188 versus nickel base of Hastel-
loy X.

10
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One other feature that has been dncorporated in the LCF459 operational
design was an elliptical flange which permitted removal and replacement of
the scroll inlet sections to match multiple, lift/cruise and nose fan instal-
lations., This arrangement was used to provide commonality in the design
and thus ease the fan loglstics problem.

For a research fan system, logistics 1s not as great a problem, A
study wae undertaken to determine the velative cost of keeping the ellipti-
cal flange design versus meking two different scrolls for the particular
installations, The latter case, two scrolls, represented a lower overall
cost than the elliptical flange design,

Other minor design changes in the scroll included the method of scroll
mounting and sealing, The original design used an axial load stop and 18
tangential load pins for seroll mounting, Figure 7. 1TIn the revised design,
the scroll is mounted at three equally spaced locations. Links are used to
attach the scroll to the fan case. Replacement of the pins with links
reduces the possibility of binding and excessive friction during thermal
growth of the scroll. Figure 7 compares the cross sections of the prelimi-
nary and present scroll designs.

Manufacturing cost estimates were made for the two scroll designs. A
comparison of screll unit price shows a cost reduction of L7 percent over
the original design.

The net result of the design studies produced a slight increase in
scroll weight from 111.1 kg (245 pounas) for the preliminary design to
116.1 kg (256 pounds) for this low cost design.

5.2 Rotor

The rotor of a turbotip fan includes the fan blades, the tip turbine,
the votor disk and stub shaft. Cost reduction studies for these components
included the following:

. Fan blade material substitution for the proposed Ti 17 material.

® Methods of fan blade to turbine tip tang attachment and tang
cooling.

. Simplification of disk-stub shaft design.

The fan blade design selected at the conclusion of the preliminary
design used Ti 17 material. This titanium alloy is a high strength, high
temperature material presently used for manufacture of votor disls. The
LCF459 4s a new application for this fan blade material. The use of this
material represented a significantly higher ¢ost for blade forgings as com-
pared to the more conventional titanium alloys.

13
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A atudy was performed to evaluate the effects of substituting a more
conventional TL 6-4 material for the blades. A comparison of the material
properties, Ilgure 8, shows the higher strength of Ti 17 on both a strength
basis and fatigue capability. For the LCF459 blade design, the T1 6-4
material esxhibits adequate material properties providing the tang tempera-
ture remalns below 316° C (600° F). The low cycle fatipue (LCF) life at
this condition is 56,000 cycles. TFor the RTA duty cycles with 12 start-
stop cycles per hour for 1200 hours, the cyclic exposure will be 14,400 in
the life of the component. The 56,000 cycle capability is adequate to meet
the design standard of having an LCF life equal to at least twice the
expected eyclic exposure,

Tang attachment and cooling studies were also conducted as part of

this activity. The results of these studies are presented in the following
discussion.

Previous turbotip fan designs, as well as the preliminary LCF459
design, used a single through-bolt for attachment of the turbine carrier to
the fan blade tip, This method of attachment required bhoth bolt shear
and clamping force to resist the carrier centrifugsl loads, Without bolt
preload or clawping action, the tang and bolt have adequate strength but
the LCY capability 1s significantly lower.

For example, the baseline LCF459 design used an 1l-mm (7/16-inch) bolt
of a high strength (MP519) material. This configuration gave the following
LCF capabillities at 316° C (600° F).

® With preload -~ 49000 cycles
. Without preload - 9300 cycles

It is apparent that this design did not have adequate LCF for the
possible case where the tang bolts were not properly torqued. Use of
larger bolts would make the tang geometry too large for an attractive
design.

A new superior tang attachment was defined during these studies. This
configuration employs both a tang bolt and a rabbet surface at the end of

the blade tang. A comparison of the original and modified tang attachments
1s shown in IFlgure 9,

The use of a rabbet attachment permits use of a smaller bolt, 8-mm
(5/16-inch), which does not rely on prelocad for load carrying. Even without
prelead, the LCF life is 47,000 cyecles, which is more than adequate to meet
the LCTF design objectives.

All of the previous designs were postulated with the assumption that the
blade temperature at the blade attachment is 316° C (800° F) or less, A desipgn
study was conducted to define a tang cooling system that serubbed the szidewalls
of the carrier with cool air, A second feature also considered in the design

15
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was the capability to pump cooling ailr into the forward seal cavity to
reduce hot gas leakage into the fan rotor inlet. This cooling scheme 1s
shown schematically in Figure 10. The carrier assembly is shown schemati-
cally in Figure 11.

This cooling system picks up air at the fan discharge through scoops
on the fan flowpath liners, The air flows through the mid-box cavity and
is recovered by scoops fabricated in the rear side of the carriers., FEach
of the 52 carriers has one scoop. Because of the tangential velocity due
to rotational speed, the alr is pressurilzed and then flows through a passage
in the carriler to the forward air seal pocket, Through proper sizing of
the scoop areas, the pressure in the cavity 1s assured to be adequate for
flow to pass from the seal cavity into both the turbine and fan flow paths.
An estimate of design point aly flow rates is shown by Figure 10. For the
final design of the cooling system, more detailed calculations involving
clearance variation with speed and temperature must be completed. The
initial analysis does show that the cooling system is adequaie to ensure
cool air serubbing on both sldes of the carrier. Initlal estimates indicate
that the tang temperature will be below 316° C (600° F) as required for the
application of Ti 6-4 as the blade material.

Another minor modification of the reduced cost rotor design occurs in
the disk stub shaft. In the preliminary LCF459 design, the stub shaft was
inertia welded directly to the fan disk as a weight reduction technique. A
bolted flange is just as adequate and represents a lower cost design for
the small number of units required for a research program. Figure 12
compares the bolted design with the original inertia welded disk-shaft.

The net result of the design studies in the rotor area produced a 10
percent cost reduction, primarily due to substlitution of Ti 6~4 for the Ti
17 blade material. There was no significant change of the rotor weight.

5,3 Rear Frame

The design studies of the rear frame, directed towards cost reductions,
centered around two areas,

® Material substitutions
. Fabrication methods

The rear frame is a fabricated component. Material fabrication proper-
ties and raw material cests have a sipnificant impact on the total part
cost. The preliminary design frame of the LCF459 was fabricated mainly of
Inco 718 material, This material is a high strength, high temperature
nickel base sheet, bar, and cast material, A lower temperature iron base
material, 17-4PH, was studied for application in a reduced cost frame design,
The major difference in material properties occurs in the maximum temperature
capability, 316° C (600° F) for 17~4PH versus 649° C (1200° I') for Inco 718,

18
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The major portion of the fan frame 1s subjected to the cold flow
environment of the fan exhaust stream. The only hot sectlons are the outer
10 em (4 inch) of the annulus., The full outer case of the frame will be
cooled to a maximum of 232° € (450° F) to maintain low thermal stresses and
acceptable seal clearances between the case and the fan and turbine tips,
Substitution of the 17-4PH material would require only a minor amount of
additlional structural cooling where the strugs pass through the hot turbine
exhaust, and therefure 18 a reasonable material change.

Three methods of cooling the struts were considered: £ilm, convection,
and impingement, The flow rates required for these three cooling methods
are as follows!

Cooling Flow

(keg/sec) (1b/sec)
Film 0.5b 1.23
Convection 0.45 1.00
Impingement 0.43 0.94

The impingement cooling system was selected hased on the least risk,
lowest cost, and lower flow requirements,

Another fairly sizeable cost reduct.on was accomplished by changing
the type of panels that separate the fan and turbine flowpaths, as shown In
Figure 3. The original preliminary design used fabricated honeycomb panels
of Hastelloy X material, The revised design uses chem-milled waffle type
panels of the same material, The major cost reductions occur because of
the change in fabrication methnds. Filgure 13 shows a comparison of the
frame outer structure for the original preiiminary and present designs.

The results of the frame cost reductlons, material substitution, and
fabrication methods gave an estimated development manufacturing cost 24
percent lower than the original design. A welght increase occurred, with a
new frame weight of 122 kg (270 pounds) compared to the original of 107 kg
(235 pounda).

5.4 Bearings and Sump

The design requirement has been established that each remote fan
gystem shall have its own integral lubrication system. At the conclusien
of the preliminary design, the bearing and lubrication system was as shown
in Figure 14. The configuration contained a fan driver lubrication-scavenge
pump, with remotely located oil tank and heat exchanger. Both the oil tank
and heat exchanger would be aircraft-furnished components in this configura-
tiom,

22
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As part of these design activitiles, studies were conducted to define a
more simplified and reliable method of lubricating the fan bearings. These
studies defined the configuration as shown in Figure 15. The unique feature
of this design is the use of viscous pumps for supplying oil to the bearings.

The configuration uses two rotating disks or pumps mounted on the
rotor shaft to pumy oil into a collector tube, This collector passage
directs the oll flow into an air-to~oill heat exchanger. The outlet of the
heat exchanger then feeds o1l through a jet into a pocket in the rotating
shaft, Orificesin the rotating shaft meter the o0ll to the bearing inner race,
Bearing under-race lubrication is thus provided, The discharge oil is col-
lected 1n the reservoir, which is an integral part of the bearing housing,
The disk pump picks up the oll from this reservoir to close the cycle, A
rotating alr-oll separator is located in the forward part of the bearing
housing and disk support cone. 01l cooling is provided for discharge air
which is usaed to vantilate the cavity around the reservoilr and heat exchanger.

The new sump and lubrication system represent a more reliable desipgn
over the initial system. A highly reliable viscous pump, similar to a
proven design used on the CF6 engine, replaces the normal lubrication and
scavenge pumps. The complete reservolr and heat exchanger system is integral
with the bearing housing and provides a small compact system. The impact
of this new design has only a minor effect on fan cost and weight, but
provides a much more reliable and asimplified system.

25
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6.0 CONCLUSIONS

Trade studies were performed to define design changes on the LCF459
which represent a significant reduction of fan unilt manufacturing cost.
Some of the design changes were possible because 1in the RTA system, the fan
is restricted to operation with the YJ97-GE-100 in a three fan-three engine
arrangement. The major design changes selected for carry-over into the
detall design phase are:

Ti 6-4 material for fan blades.

Turbine carrier with rabbet attachment and cooling scoops.
H5188 materisl for scroll.

Single bubble scroll mounted to the frame using links.
17-4PH materinl fan frame with simplified flowpath liners.

Integral lubrication system using viscous pumps.

The effect of these design changes is an overall 14 percent reduction
in fan unit manufacturing costs, The breakdown of the cost reductions for
each fan major component is as follows:

Cost {pct of Cost Reduction

Component fan assembly) (percent)
Scroll 32.0 17
Frame 20.6 24
Rotor 31.2 10
Sump 3.6 17
Minor Parts 12,6 0
Total 100.0 14

The design changes will also result in a lower risk, more highly reliable
fan system for the RTA, At the expense of these changes, there is a slight
increase in fan welght. The weight breakdown of the preliminary design
configuration and the fan at the conclusion of these studies is as follows:
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Component

Rotor

Bearings & Sump
Frame

Seroll

Total

PD Weight
(kg) (1b)
141 311
27 59
107 235
111 243
386 850

Current Weight

(kg)

149

28
123
116

416

~(1b)

329

62
270
256

917
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