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PREFACE

This publication contains the papers presented at the confer-
ence on Quiet Powered-Lift Propulsion held at the NASA Lewis
Research Center, November 14 and 15, 1978.

The first day and a half of the conference was devoted to a
review of the Quiet, Clean, Short-Haul Experimental Engine (QCSEE)
program, which is nearing completion. The last half day included
progress reports on other NASA and Air Force powered-lift technology
programs.

The purpose of the conference was to provide representatives
from government, industry, and universities with the latest results
of programs exploring new propulsion technology for powered-lift
aircraft systems. The broad application potential of some of the
technology presented was an added incentive for conducting the con-
ference.
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Carl C. Ciepluch
NASA Lewis Research Center
Chairman
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QCSEE PROGRAM BACKGROUND*

Carl Ciepluch
NASA lewis Research Center

INTRODUCTION

The QCSEE (Quiet, Clean, Short-Haul Experimental Engine) program recently
reached a major milestone with the completion of the contracted part of the
program. Accordingly, an overall review of the program is presented as part of
this conference. ' .

Before the QCSEE program details are presented in the papers that follow,
it is of interest to review events that led to this program. Included in this
review are the reasons for initiating the program, the studies that preceded
and helped to define the program, and the technology efforts that provided the
technical base necessary to reduce program risk. In addition to this back-
ground information, the technical objectives and overall schedule of the pro-
gram are presented.

QCSEE PROGRAM GENESIS

During the early 1970's a major government study entitled the Civil Avia-
tion Research and Development Policy Study was undertaken to determine the
‘benefits, appropriate areas, and appropriate levels of government-supported
aeronautical research and development. This study indicated that the two major
problems affecting the viability and growth of the air transportation industry
were aircraft noise and airport congestion. Since aircraft engine exhaust pol-
lution was just emerging as an environmental concern at the time of this study,
it was included as a major problem area.

Aircraft noise impedes air traffic growth because of (1) the problems
noise creates in siting new airports and expanding existing ones and (2).the
flight restrictions noise creates for aircraft operations at night. This air-
craft noise problem is still with us.

A new short-haul air transportation system was considered to be promising
for relieving air traffic density. This new short-haul system would be sepa-
rated, as much as possible from the long-haul system, thus helping to relieve
the traffic problems at large airports. This short-haul system would operate
out of existing close-in small airports or on special out of-the-way short run-
ways at large airports. Therefore, since these aircraft would be required to
operate from relatively short runways, the use of a powered-lift type of air-
craft would be required. Powered-lift aircraft employ some of the engine
thrust to help 1lift the aircraft so shorter field length operations are possi-
ble. This subject is discussed in more detail later in this paper. Finally,

*
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in order for the short-haul transportation system to be seriously considered
for implementation, it must be economical.

The QCSEE program was initiated, therefore, to develop a suitable propul-
sion technology base for future powered-1lift short-haul aircraft. The technol-
ogy advancement was to emphasize the areas of low noise, low exhaust emissions,
and high performance. Although the QCSEE program was generally focused toward
powered-1ift short-haul aircraft, it was recognized that many of the advanced
technology elements in the program would have broader applications. . These pos-
sible applications include, for example, conventional takeoff and landlng and
military subsqQnic aircraft.

Y

SHORT-HAUL AIRCRAFT STUDIES

Prior to the QCSEE program, several powered~lift short-haul aircraft stud-
ies were undertaken. These studies were performed under contract by the Lock-
heed Company and Douglas Aircraft Company (refs. 1 to 9). The objective of
these studies was to evaluate the overall viability of a new short-haul air-
craft system. This included determining whether this short-haul system would
be compatible with the existing air transportation system. Also studied were
the prospects for achieving stringent aircraft noise goals and whether the
short-haul system would be economically practical. Additional study objectives
were to determine promising powered-lift aircraft configurations and to iden-
tify critical technology needs.

Overall study results were generally favorable in regard to the viability
of the short-haul transportation system, and these studies identified propul-
sion as a key area for technology advancement.

The three different methods studied for obtaining powered lift are illus-
trated in figure 1. The externally blown flap concept is the simplest. The
engines are mounted under the wing, and to obtain the vertical thrust compoment
for added aircraft lift the engine exhaust is deflected downward by wing flaps.
The upper surface blown flap concept has the engines mounted over the wing.

The vertical thrust vector is again obtained by deflecting the engine exhaust
downward with wing flaps. This concept has an acoustical advantage because the
aircraft wing shields ground observers from the aft engine noise. 1In the aug-
mentor wing approach to powered 1lift, the engine fan air is ducted to and in-
troduced into a flap-ejector configuration at the wing trailing edge. The
ejector action results in augmentation of the wing lift as well as the fan
flow thrust. This augmentation thrust reduces the size of the engine that is
needed. There are, however, several advantages to this approach. One disad-
vantage is the complexity which results from using the flap-ejector and another
is ‘the congiderable amount of piping and valving required. The second is a po-
tentially higher noise aircraft. The higher noise results from the higher fan
pressure ratio engine that is needed to keep fan flow duct sizes reasonable.

The studies showed that the externally blown flap and upper surface blown flap
powered-1lift concepts were preferred. Consequently, the QCSEE program began
propulsion technology development for both of these.concepts.



Another factor that emerged from the studies was the need for low pressure
ratio fans if the noise goal was to be met. This is illustrated in figure 2
where aircraft noise in EPNdB is plotted against fan pressure ratio. The data
shown in figure 2 are representative of the externally blown flap type of
powered-1ift aircraft. The figure shows that to meet the stringent 95 EPNdB
study noise goal at a 152-meter (500-ft) sideline distance a fan pressure ratio
in the vicinity of 1.25 is required. This fan pressure ratio is significantly
lower than those used in most aircraft engines. Iow fan pressure ratios result
in high bypass ratio turbofan engines, which characteristically have low fan
and core engine exhaust velocities. These lower exhaust velocities reduce the
jet-flap interaction noise that is a major noise source for powered-lift air-
craft.

The aircraft studies also investigated the effect of aircraft runway
length on the economics of powered-1ift aircraft. Figure 3 shows typical re-
sults. Again, data for the externally blown flap type of aircraft are shown.
A significant reduction in direct operating cost can be seen as runway length
is increased from 600 to 900 meters (2000 to 3000 ft). The direct operating
cost reduction is about 15 percent, but the rate of decrease diminishes in the
vicinity of 900-meter (3000-£ft) runways.

A 600-meter- (2000-ft-) runway aircraft was the minimum runway lemgth con-
sidered because the vast majority of airports that can handle commercial
flights have at least 600-meter (2000-£ft) runways. Above a 900~meter (3000-ft)
-runway length a conventional aircraft with an advanced mechanical flap system
becomes competitive from a direct operating cost standpoint. 1It, therefore,
appears that future powered-1ift aircraft will probably be designed for about
a 900-meter (3000-ft) runway length capability. However, in the QCSEE program
the more challenging 600-meter (2000-ft) runway length requirement was kept as
the goal.

ENGINE STUDIES

In parallel with the short-haul airecraft studies, several engine compa-
nies conducted engine studies. The companies involved were General Electric
and Allison (refs. 10 to 13). The objectives for the engine studies were to
(1) perform a parametric study of the engine cycle to determine the engine cy-
cles that best meet the study objectives, (2) perform preliminary design and
installation evaluation of the most promising propulsion systems, and (3) de-
termine advanced technology needs and alternative technology development pro-
grams.

These studies identified the variable pitch fan, which is used primarily
for obtaining reverse thrust, as an attractive feature for short-haul aircraft
engines. The advantage is illustrated in figure 4. The figure shows that for
aircraft noise levels around 95 EPNdB the variable pitch fan with lightweight
composite blades has a significant operating cost advantage over the conven-
tional fixed pitch fan with metal blades. The advantage of the variable pitch
fan results from the lighter fan blades and a significantly lower thrust re-



versing system weight. 1In the fixed pitch fan engine the conventional target
type of thrust reverser employed becomes very large and heavy at the required
low fan pressure ratios.

?

There are other significant engine study results. Because of the low air-
craft noise goal, a low fan pressure ratio and correspondingly low fan tip are
required. It was found that using speed reduction gears between the turbine
drive and the fan improved the direct operating cost by about 1 percent. This
improvement resulted because the gears (1) reduce the number of turbine stages
and accordingly the overall weight of the engine and (2) improve the cruise
specific fueléconsumption. Although speed reduction gears raise concerns of
reliability, 4nd maintenance costs in turbine engines, developing this technol-
ogy further appears worthwhile.

Turbofan engines’ designed for low fan pressure ratio operation tend to
suffer a high thrust lapse (or decrease) between takeoff and cruise conditioms.
One way to increase cruise thrust is to use a variable area fan exhaust nozzle
to raise the fan pressure ratio at cruise within the limits of acceptable stall
margin. The studies indicate that the improved cruise thrust performance was
worth the added complexity of a variable area fan nozzle.

Because of the importance of low engine exhaust velocity to low jet-flap
interaction noise, particularly in the case of externally blown flap configura-
tions, exhaust velocity decayer nozzles were examined in the engine studies to
determine if they were economically attractive. Although the decayer nozzles
were effective in reducing exhaust velocity and thus jet-flap interaction
noise, they were found to be quite heavy and to introduce internal pressure
losses. These disadvantages combined to produce a significant operating cost
penalty. The net effect was that the decayer nozzle was not attractive for
this application.

QCSEE TECHNOLOGY BASE EXPANSION

During the aircraft and engine studies it became evident that there were
several areas where the technology base was insufficient to begin an experimen=-
tal QCSEE type engine program without significant risk. Accordingly, a compo-
nent technology program was initiated in those key areas. These areas are de-
scribed in the following sections. ”

Low Pressure Ratio Fans

Low pressure ratio fans, which were discussed previously, are important to
low engine noise. Aerodynamic and acoustic characteristics of low pressure ra-
tio fans were investigated at both small- and large~scale sizes. Figure 5 is a
photograph of one of a series of 1.83-meter- (6-ft-) diameter fans that was in-
vestigated at Lewis Research Center. This fan has a relatively low design
pressure ratio of 1.2.



Variable Pitch Fans

Technology development was also undertaken in the variable pitch fan area.
Again both small- and large-scale fans were investigated. Work was conducted
both under contract and in-house. Figure 6 is a photograph of the Q-FAN/T55
engine that was tested here at lewis. The variable pitch fan which develops a
pressure ratio of about 1.2 was designed and built by the Hamilton Standard
Company. The engine and model fans provided valuable data on variable pitch

fan aerodynamics in forward and reverse thrust, acoustics, and the mechanics of
blade pitch change.

Lightweight Fan Blades

Another technology development area was lightweight fan blades. These
blades are very important to the successful development of variable pitch fans.
One key problem area for these blades has been satisfactory foreign-object-
damage (FOD) resistance. Figure 7 shows a photograph of two of the composite
material blades built to investigate improved FOD resistance. The construction
details of these blades are described in subsequent papers in the QCSEE program
review. The blade on the left is mounted on a blade retention system which is
used for support during FOD tests in a whirl rig.

Powered~Lift Acoustics

Powered-1lift acoustics technology development was undertaken because of
the importance this noise source has in powered-lift aircraft noise. Acoustic
research was conducted on scale models of the three previously described
powered-1lift concepts - namely, externally blown f£lap, upper surface blown
flap, and augmentor wing. Figure 8 shows an example. 1In this experimental
setup, laboratory compressed air was used to simulate engine exhaust. Large-
scale tests, such as in figure 9, were also conducted at Lewis. 1In this photo-
graph, a TF34 engine is being used in an acoustic experiment on an EBF powered-
1ift configuration.

QCSEE TECHNICAL GOALS

The previously discussed short-haul aircraft and engine studies and the
component technology program formed the basis for establishing the program
goals (see table I). Because of the importance of low noise to any future air-
craft and particularly short-haul aircraft, very stringent goals were estab-
lished. The takeoff and approach aircraft noise level was set at 95 EPNdB. A
reverse thrust noise level of 100 PNdB was also established. And finally, a
95-EPNdB noise contour (or footprint) area of 1.29 square kilometers (1/2 sq
mile) was required. These noise goals represent aircraft noise levels which
are significantly below existing FAA regulations. This subject is discussed
in more detail later in the papers on acoustics.



The goal for exhaust pollutants was to meet the EPA 1979 emission levels.
Achieving these emission levels is a very challenging task.

The installed thrust level goals for the two experimental engines in the
program are as indicated. TIn the QCSEE program, the engine used in an exter-
nally blown flap type aircraft is referred to as the under-the-wing (UIW) en-
gine and that used for an upper surface blown flap type aircraft as the over-
the-wing (OTW) engine. These thrust levels are a result of the desire to be in
the 88 960-newton (20 000-1b) thrust class of engine and the use of an existing
advanced technology engine core. The reverse thrust goal was set at 35 percent
of the forward takeoff thrust.

A relatively challenging goal was also set for the engine thrust to weight
ratios. The thrust to weight ratio goals required extensive use of lightweight
materials, and this is the most significant item in the QCSEE program related
to improved aircraft perfromance and economics.

Finally, improved engine thrust response characteristics were required.
The approach to takeoff thrust transient was to be accomplished in 1 second,
and the transient to reverse thrust in 1.5 seconds. This improved thrust re-
sponse was found to be necessary for the powered-lift short runway operation
type of aircraft.

QCSEE SCHEDULE

Major program milestones are shown in table II. The program began at the
beginning of 1974. The contracted effort, for which the General Electric Co.
was the prime contractor, included the design, fabrication, and testing of the
two experimental engines - namely, the UTW and OTW engines. The contracted
work was completed in the summer of 1978. The two engines are now at Lewis for
further testing. The engine testing will include powered-lift and engine
acoustics and possibly additional engine controls experiments. The engine ex-
periments at Lewis will be completed by the end of 1979.

REFERENCES

1. Higgins, T. P.; Stout, E G.; and Sweet, H. S.: Study of Quiet Turbofan
STOL Aircraft for Short-Haul Transportation. NASA CR-2355, 1973.

2. Renshaw, J. H.: Quiet Turbofan STOL Aircraft for Short-Haul Transportation,
Volume 1. (Lockheed-California Co.; NASA Contract NAS2-6995.) NASA
CR-114612, 1973.

3. Renshaw, J. H.: Quiet Turbofan STOL Aircraft for Short-Haul Transportation,
Volume 2. (Lockheed-California Co.; NASA Contract NAS2-6995.) NASA
CR-114613, 1973.



10.

11.

12.

13.

. Study of Quiet Turbofan STOL Aircraft for Short-Haul Transportation, Vol-

ume 1, Summary. NASA CR-2353, 1974.

. Study of Quiet Turbofan STOL Aircraft for Short-Haul Transportation, Vol-

ume 2, Aircraft. MDC-J4371-Vol. 2, Douglas Aircraft Co., Inc.; NASA
Contract NAS2-6994.) NASA CR-114607 1973.

. Study of Quiet Turbofan STOL Aircraft for Short-Haul Transportation, Vol-

ume 3, Airports. (MDC-J4371-Vol. 3, Douglas Aircraft Co., Inc.; NASA Con-
tract NAS2-6994.) ©NASA CR-114608, 1973.

. Study of Quiet Turbofan STOIL Aircraft for Short-Haul Transportation, Vol-

ume 4, Markets. (MDC-J4371-Vol. 4, Douglas Aircraft Co., Inc.; NASA Con-
tract NAS2-6994.) NASA CR-114609, 1973.

. Study of Quiet Turbofan STOL Aircraft for Short-Haul Transportation, Vol-

ume 5, Economics. (MDC-J4371-Vol. 5, Douglas Aircraft Co., Inc.; NASA
Contract NAS2-6994.) NASA CR-114610, 1973.

. Study of Quiet Turbofan STOL Aircraft for Short-Haul Transporation, Vol-

ume 6, Systems Analysis. (MDC-J4371-Vol. 6, Douglas Aircraft Co., Inc.;
NASA Contract NAS2-6994.) NASA CR-114611, 1973.

Neitzel, R. E.; Lee, R.; and Chamay, A. J.: QCSEE Task 2: Engine and In-
stallation Preliminary Design. {(General Electric Co.; NASA Contract
NAS3-16726.) NASA CR-134738, 1973.

Helms, H. E.: Quiet Clean STOL Experimental Engine Study Program, Task 1,
Parametric Propulsion Systems Studies. (EDR-7543, Detroit Diesel Allison;
NASA Contract NAS3-16727.) NASA CR-135015, 1972.

Helms, H. E.: Quiet Clean STOL Experimental Engine Study Program, Task 2,
Preliminary Design Studies, Part A. (EDR-7610-Pt. A, Detroit Diesel
Allison; NASA Contract NAS3-16727.) NASA CR-153053, 1972.

Helms, H. E.: Quiet Clean STOL Experimental Engine Study Program, Task 2,
Preliminary Design Studies, Part B. (EDR-7610-Pt. B, Detroit Diesel
Allison; NASA Contract NAS3-16727.) NASA CR-143051, 1972.



TABLE I. -~ QCSEE TECHNICAL GOALS

[FOUR-ENGINE, 400 320-N (90 000-1b) THRUST AIRCRAFT.

NOISE
APPROACH, EPNAB . .+ v o v o e e e e e e e e e e e 95
TAKEOFE, EPNAB . & » v v v e e v e e e e e e e e e e 95
REVERSE, PNOB . .+« v v v e e e e e e e e e e e 100
95 EPNdB CONTOUR AREA, sgkmisgmile). . . . .. .. 1.29(0.5)
POLLUTION .\ v v vt e e e e e e EPA 1979 EMISSION LEVELS
INSTALLED THRUST
FORWARD, UTW, N(b) . . . . . o e e .. ., 7739517 400)
FORWARD, OTW, N(Ib} . . . . .. . oo o ... 90 294 ("~ 20 300)
REVERSE, %« v v o e e et e e e e e e e e e e 35
INSTALLED THRUST/WEIGHT
UTW o e e e e e e e e e e e e e e 4.3
o) /R 4.7
THRUST RESPONSE ,
APPROACH TO TAKEOFF, SEC . + « v v o v v v e e e e a n L0
APPROACH TO REVERSE, SEC . « v v v v v e v e e v e s 1.5
SIDELINE, 152 m (500 ft).
“"WITH CONIC NOZZLES.
TABLE II. - QCSEE PROGRAM SCHEDULE
QCSEE PROGRAM SCHEDULE
MILESTONES 1974 1975 1976 1977 1978 1979
CONTRACT - GENERAL ELECTRIC !
ENGINE/NACELLE DESIGN ;
PRELIMINARY — i
UTW DETAIL -1_ :
OTW DETAIL ;
FABRICATION i
UTW B, P.* NACELLE ;
OTW B.P. NACELLE !
UTW COMP NACELLE i
TESTS ‘
UTW B.P. NACELLE - !
OTW B.P. NACELLE - '
UTW COMP™ NACELLE (IR
NASA LEWIS TESTS |
OTW B. P. NACELLE —
UTW COMP NACELLE ==
*“BOJLERPLATE.
*COMPOSITE. 08-78-3284




EXTERNALLY
BLOWN FLAP

UPPER -SURFACE

BLOWN FLAP

AUGMENTOR WING

POWERED-LIFT AIRCRAFT CONCEPTS

CS-78-3285
Figure 1 CD-12319-02

EFFECT OF FAN PRESSURE RATIO ON NOISE

15— FyLLY SUPPRESSED ENGINES
EXTERNALLY BLOWN FLAP CONFIGURATION
Q
10— \\\\\\\\\\
AIRCRAFT NOISE \\\\\\\\
(4 ENGINE), _ \\\\\\
152 m (500 ft) 1051 O
SIDELINE, QO
EPNdB \\\\\\\
100— \\\\\\\\
N\
N\
o N eoa _
> | ] z x |

. L1 1.2 13 L4 L5 L6
05-78-3282 FAN PRESSURE RATIO .

Figure 2
9



TYPICAL EFFECT OF RUNWAY LENGTH ON OPERATING COST
POWERED LIFT CONFIGURATIONS

0
CHANGE IN -5
DIRECT
OPERATING
COST,
% -10—
s 1
2000 2500 3000
ft
| | |
600 750 900
CsS-78-3283 RUNWAY LENGTH, m

Figure 3

ADVANTAGE OF VARIABLE PITCH FANS

EXTERNALLY BLOWN FLAP AIRCRAFT
600 m (2000 ft) RUNWAY

10—
CHANGE IN 5[~ ,
DIRECT %,
OPERATING &
COST Yy,
% | O VARIABLE 7 FIXED PITCH FAN
PITCH FAN TITANIUM BLADES
COMPOSITE BLADES
5 1 1 | |
94 9% 9% 100 102
cs-78-3281  AIRCRAFT NOISE, 152 m (500 ft) SIDELINE, EPNB

Figure 4

10



LARGE SCALE LOW PRESSURE RATIO FAN

S

Figure 5

11



Q-FAN/T55 VARIABLE PITCH ENGINE

Figure 6

12



COMPOSITE FAN BLADES FOR FOREIGN-OBJECT-DAMAGE TESTING

€5~78-3288

Figure 7

13



SCALE-MODEL POWERED-LIFT ACOUSTIC TEST

Lo
/,"”w,w :
e
;

o
v

Figure 8

14



LIFT ACOUSTIC TEST

LARGE SCALE POWERED

Figure 9

15






QCSEE DESCRIPTION®

A.P. Adamson
General Electric Company
Cincinnati, Ohio

INTRODUCTION

This paper will set the stage for those that follow by presenting an
overview of the design approach, engines, and program. The major thrust of
the QCSEE Program has been concerned with the envirommental needs of the
short-haul transport. As discussed in the previous paper, techniques were
needed to reduce noise and emissions without seriously compromising the
economics of the aircraft system. This paper describes the design approach
used to meet the overall program objectives, describes the experimental
engines and summarizes the test programs conducted with the UTW and OTW
propulsion systems.

PROGRAM OBJECTIVES

The major program objective was to provide the technology needed for
a future short-haul transport. As you will see, the engines incorporated
an unusual number of advanced technology features to meet the following
design objectives:

o Reduced noise levels
o Reduced atmospheric pollution
o High installed thrust to weight ratio

o Attractive SFC

o Powered lift

o Rapid thrust response

o Reverse Thrust

o Integration of aircraft/propuféion

The noise objective of 95 EPNdB represents about 15 dB less than FAR36
requirements at the same sideline distance. The pollution objective was to

*
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meet the difficult EPA 1979 standards for NO,, carbon monoxide, and un-
burned hydrocarbon emissions. In addition to these challenging environ-—
mental goals, economics placed special emphasis on the need for a high
thrust-to-weight ratio and low specific fuel consumption. Other require-
ments result from the unique operating mode of a short-haul aircraft.

DESIGN APPROACH
The approach that was taken to meet the above design objective was as
follows:
o Noise ~ Low tip speed fan
Low jet velocity
High throat Mach no. inlet
Integrated acoustic treatment
o Pollution — Double annular combustor
o Thrust/Weight - Extensive use of composites
Main reduction gear
Integrated nacelle structure/fan frame
o SFC ~ High bypass ratio
Variable fan nozzle
o Powered Lift - Variable pitch fan (UTW)
Target reverser (OTW)
o Integration - Digital electric control interface
Top mounted accessories
Jet flap interaction noise is a major contributor to the total noise
signature of the aircraft. The maximum allowable engine noise and exhaust
velocity are seriously limited by the jet-flap system. The under—the-wing
installation results in direct impingement of the exhaust jet on the wing
flap, while the over—the-wing installation provides some noise shielding
for the sideline observer. As shown in figure 1, jet velocities were

selected for each of the engines to keep this noise source about 3 dB below
the total system noise for a balanced acoustic design. A very low jet

18



velocity (and very low fan pressure ratio) was required for the UTW engine.
A somewhat higher fan pressure ratio was selected for the OTW engine. The
low noise goal also dictated a low tip speed fan having reduced blade pas-—
sing frequency as well as careful selection of the numbers of fan blades and
vanes, and adequate spacing between them. ’

N
ENGINE SYSTEMS

Forward radiated noise was reduced by the use of a high throat Mach
number inlet shown in the drawing of the UTW propulsion system (fig. 2).
Further suppression was added as needed by structural acoustic panels and
by an acoustic splitter in the fan discharge duct.

Both QCSEE engines incorporated the YF10l core, to take advantage of
its advanced state of development. The combustor used in this core was
already smoke-free but it did not meet the pollution objectives. A new
double annular combustor was conceived to fit into the same envelope and to
reduce emissions. This design was a spin—off from the NASA Lewis Experi-
mental Clean Combustor Program.

The need for a high thrust—-to-weight ratio was addressed by the exten-—
sive use of graphite and Kevlar in the fan blades, frame, and nacelle.
This permitted the nacelle wall to be made integral with the engine, com~
bining two structures into one. For example, the outer casing of the fan
frame functions as the engine outer flowpath as well as a portion of the
external nacelle.

Short-haul aircraft tend to require fairly high thrust—lapse rates so
that the engines can operate near the bottom of their SFC bucket at moderate
altitude cruise. Low pressure ratio fans inherently have this character—~
istic. The best fan efficiency for low pressure ratio fans occurs with
relatively low fan tip speeds so a reduction gear was required. A variable
area fan exhaust nozzle was necessary to keep the fan pressure ratio from
dropping too low at cruise with detrimental effects on SFC and to provide
sufficient altitude thrust. Though high lapse rate is needed for STOL air-
craft, the very low pressure ratio fans used for low noise have an even
higher lapse rate than desired and need all the help they can get at
altitude.

Another characteristic needed to achieve low SFC levels is a high
cycle pressure ratio. Selection of the YF10l core was made for reasons of
program cost and risk and its appropriately advance technology level. The
use of a low pressure ratio fan with this core resulted in a lower than
desired overall cycle pressure ratio. A more optimum cycle could have been
produced by adding booster stages to the fan or by a higher pressure ratio
core, but this technology is already well in hand and was not considered to
be worth the added program cost.
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The short take-off requirement implies a short landing and an effective
thrust reverser. The low pressure ratio UTW fan lends itself to a reverse
pitch fan which can provide reverse thrust without heavy variable geometry
nacelle components.

A digital control was required to permit optimum coordinated control of
the variable pitch fan, the variable nozzle, and the core engine with accep-
table pilot work load. Numerous other functions were also provided such as
maintenance of safety limits and condition monitoring functions. Top
mounted accessories were used on the UTW engine to permit lower welght, bet-
ter maintainability, and low drag.

The OIW engine is shown in figure 3. It required a "D" shaped exhaust
nozzle to turn the flow downward and spread it over the wing and flap. Area
control was provided by variable side doors. Since this engine has a fixed
pitch fan, thrust reversal is provided by pivoting the roof of the nozzle
to form a target reverser blocker.

System studies which were conducted by McDonnell-Douglas and by Boeing
helped direct the engine design activity including control interface defini-
tions. Baseline UIW and OTW aircraft designs were established to identify
propulsion and installation requirements. Economic studies were conducted
to assess the payoff of the new engine technologies. American Airlines con-
tributed requirements for the aircraft and an operational scenario for the
short route structure. They also consulted on maintenance features,
mechanical design, and reliability.

Figure 4 shows the baseline airplane projected by Douglas using the UTW
engine. It would employ four QCSEE engines mounted under the wing and is
based on the Douglas YC-15 technology. The major characteristics are listed
on the figure. ‘

Figure 5 shows the baseline airplane projected by Boeing using the OTW
engine. It is somewhat larger, taking advantage of the greater thrust of
four OTIW engines, and is based on technology developed for the YC-14. The
two aircraft were shown to be very competitive for short-haul operation.

These studies reached the conclusion that the 2000 foot runway require-
ment was too stringent, and that 3000 feet was more realistic based on pro-
jected airport availability.  Another significant result was recognition
that in both installations, the engines would be mounted so high that a
work stand would be required for all maintenance operations, regardless of
accessory location. This fact permitted the engine and aircraft accessories
to be mounted in the pylon area reducing the nacelle drag for both instal-
lations, and allowing shorter, more direct service lines from the wing.

Details of the UTIW engine can be seen in figure 6. The inlet, the

fan blades,; the fan frame, the fan outer duct, and the fan variable nozzle
are all made of graphite or Kevlar with epoxy binder. The fan inner duct
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is made of graphite with NASA Lewis developed PMR polyimide resin for
higher temperature operation.

Acoustic treatment is used in the inlet, the fan frame, the core inlet
duct, the fan exhaust duct and splitter, and the core exhaust nozzle. The
latter includes a two level acoustic absorber for high and low frequencies.

The two stage F10l power turbine drives the fan through the reduction
gear.

The fan nozzle is shown in the cruise position It opens part way. for
take—-off and approach and further for reverse where it functions as an
inlet. '

Recognizing the ‘critical nature of the blade pitch control system, many
concepts were studied and two variable pitch systems were built and tested.
A cam/harmonic drive design was supplied by Hamilton Standard, and a ball
spline system by General Electric. The main reduction gear was designed and
developed by Curtiss-Wright.

The major design parameters of the UTW engine are listed in table I.
Note the low fan tip speed, which, used in conjunction with a 2.5 reduction
gear ratio, permitted the use of a two-stage low pressure turbine. The low
fan pressure ratio resulted in a very low jet velocity, meeting the acoustic
requirement discussed earlier. Note the high bypass ratio made possible by
the energetic core and the low pressure ratio fan.

Shown in figure 7 is a cross—section of the OTW engine. All nacelle
components were of boilerplate construction for reasons of cost and to
allow the evaluation of interchangeable acoustic panels. The fan uses
fixed-pitch titanium blades of a geometry that would allow substitution
of composite materials. The '"D" shaped exhaust nozzle was tested in an in-
verted position, so that in the reverse thrust mode, the exhaust would be
directed downward, away from the test facility and instrumentation lines.

Major design parameters of the OTW engine are listed on table II. The
tip diameter and airflow were identical to those of the UIW engine to per-
mit the same inlets and fan frames to be used. A somewhat higher fan tip
speed was used to achieve the higher allowable exhaust velocity and fan
pressure ratio with resultant higher overall pressure :-ratio -and -lower by-
pass ratio. Hub pressure rise was higher than outer panel pressure rise to
permit better supercharging. > oo

An electronic control system was desired for both engines to provide
a digital interface with an aircraft on-board comptiter. The control ac—
cepts a command for percent-rated-thrust. Several safety limits were auto-
matically maintained including a calculated maximum temperature. Numerous
provisions in the control are included to reduce the pilot work load. In-
let Mach number is automatically maintained via nozzle, blade angle, and
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speed variations to 0.8 or the maximum value consistent with other require-
ments. Rapid thrust response is achieved via automatic blade and nozzle
area variations with minimum required fan and core speed variations. In
the OTW engine, fuel flow and compressor stator vane angles are automati-
cally adjusted to provide maximum rate of thrust change with minimum re-
quired core speed change.

Automatic restructuring of the control computer is provided via Kahlman
filtering techniques to permit operation with failed sensors.

Forty items of condition monitoring information are provided to the
aircraft computer by a digital data bus. The control is engine mounted,
cooled by fan inlet induced airflow, and designed to be comaptible with the
engine environment.

Figure 8 shows the UIW engine test installation, with the composite
nacelle.  Note the wide open exhaust nozzle flaps consistent with reverse
flow. The entire engine structure visible is graphite or Kevlar.

The highlights of the UTW test program are listed in table III. One
hundred fifty three hours of testing were completed on this engine. The
initial test series included boilerplate nacelle components and the Hamilton
Standard variable pitch actuation system. The second series contained the
composite nacelle and the General Electric variable pitch system. Perform-
ance and acoustic measurements in forward and reverse thrust were completed
in several different acoustic configurations.

Figure 9 shows the OTW engine test installation with the boilerplate
inverted '"D" nozzle. Note the variable side doors, the boilerplate inlet,
and the transition section forward of the reverser.

Highlights of the'OTIW test program are listed in table IV. Fifty eight
hours of testing were completed, all with boilerplate nacelle components.
Test results will be described in the papers that follow.

Both engines were delivered to NASA following completion of tests at
the General Electric Peebles, Ohio test site. Further testing is in pro-
cess here at Lewis with a simulated wing and flap section to secure more
complete acoustic data, including the effect of jet flap interaction on the
total noise signature. '

=
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TABLE I. — UTW DESIGN PARAMETERS

Total Airflow, kg/s (Ib/sec) 405.5 (894))
Fan Tip Diameter, cm (in.) 180.3(71)
Fan Tip Speed, m/s (ft/sec) 289.6 (950)
Bypass Ratio , 118
Fan Pressure Ratio 1.27
Overall Pressure Ratio 13.7
Jet Velocity (Core), m/s (ft/sec) 244.7 (803) -
Jet Velocity (Bypass), m/s 204.2 (670)
Gear Ratio : 2.5

TABLE II. - OTW DESIGN PARAMETERS

Total Airflow, kg/s (Ib/sec)< 405.5(894)
Fan Tip Diameter, cm (in.) 180.3 (71)
Fan Tip Speed, m/s (ft/sec) : 350.5(1150)
Bypass Ratio 10.2

Fan Pressure Ratio - 1.34 -+
Overall Pressure Ratio 17.0

Jet Velocity (Core), m/s (ft/sec) } Mixed 239.9(787)
Jet Velocity (Bypass) :

Gear Ratio 21
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TABLE III. - UTW TEST HISTORY
Boilerplate Nacelle, Cam-Harmonic Pitch Actuation

47 Hours (9/2/76 — 12/17/76)

e Mechanical and Controis Checkout

o Aero Performance Mapping — Belimouth Inlet
¢ Performance Ratings — High Mach Inlet

"e Reverse Thrust Test (Incomplete)

Composite Nacelle, Ball Spline Pitch Actuation

106 Hours (9/8/77 — 4/27/78, 7/13/78 — 7/21/78)

o Mechanical and Performance Checkout

e Acoustic Baseline — Belimouth/Hardwall

o Suppressed Acoustic Test — High Mach Inlet, Treatment
e Reverse Thrust Performance and Acoustics

e Acoustic Technology and Control Tests

TABLE IV. - OTW TEST HISTORY

Boilerplate Nacelie

58 Hours (4/6/77 — 6/9/77)

¢ Mechanical and Controls Checkout

Aero Performance Mapping — Bellmouth Inlet

Performance Ratings — High Mach Inlet

Reverse Thrust Performance

Acoustic Baseline — Bellmouth, Hardwall

Suppressed Acoustics — High Mach Inlet, Treatment

Transient Thrust Response
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OTW Propulsion System

Figure 3
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Baseline OTW Aircraft
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OTW Cross-Section
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QCSEE FAN AERODYNAMIC DESIGN AND PERFORMANCE™

C.C. Koch
General Electric Company
Cincinnati, Ohio

INTRODUCTION

Two different fans were designed for the QCSEE program, each tailored to
a particular engine cycle and operational requirements. The reversible -
pitch fan for the Under-the-Wing engine is described in the first section of
this paper. 1Its aerodynamic design, scale model test results and engine per-
formance test results are presented. The design of the fixed-pitch fan for
the Over-the-Wing engine is described in the second section, along with its
performance measured during engine tests.

UTW FAN AERODYNAMICS

Aerodynamic Design - A cross section of the fan for the UTW engine is
shown in figure 1. One of the notable features of this fan was the low
aspect ratio, unshrouded, composite rotor. The low tip speed rotor blades
were attached to a variable pitch mechanism and were fully reversible through
either flat pitch or stall pitch. The flowpath over the rotor tip was made
to be a portion of a sphere to avoid changes in tip clearance as the rotor
pitch was varied. Circumferential groove casing treatment was used over the
rotor tip to increase stall margin at cruise with little or no efficiency
penalty. o

Another notable feature of the design was the unusual arrangement of the
fan stators. The inner stator vane was placed under a ring-shaped island
closely coupled to the fan rotor which served as the primary splitter divid-
ing the bypass flow from the flow to the core engine. An annular slot was
left open aft of this assembly, and a second flow splitter was provided at
the rear of the slot for use during reverse operation. The split stator
arrangement was chosen over more conventional alternatives, such as a full
span stator, because it reduced the length required from fan rotor to core
compressor inlet, and because it allowed the rotor hub's full loading poten-
tial to be used without incurring high stator hub Mach numbers or loadings.
The close coupled splitter and inner stator arrangement by itself would have
been unsatisfactory for reverse operation, because flow drawn backwards through
the bypass stream outlet guide vanes and entering the core engine would have
impinged upon the highly-cambered inner stators at incidence angles of perhaps
minus 70°. The annular slot was thus provided to allow air to be drawn di-
rectly into the core engine in reverse operation, significantly improving the
pressure recovery of the core flow.

*
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The bypass stream outlet guide vanes served as structural elements in
the fan frame. The pylon nose was integrated into the vane/frame, and cir-
cumferentially varying airfoil geometry was used to guide the flow smoothly
around the pylon. A wide spacing between the fan rotor and the bypass vane/
frame was used to reduce noise.

Key operating points for the UIW fan are indicated on the portion of the
predicted performance map shown in figure 2. The takeoff point was selected
to be on a low operating line, at a bypass stream pressure ratio of 1.27, to
keep jet velocity low for reduced noise. The engine inlet was sized at this
point to have a high throat Mach number of 0.79 to reduce forward radiated
fan noise. The maximum cruise point pressure ratio of 1.38 was on a higher
operating line, reached by closing the variable exhaust nozzle, to increase
thrust at altitude. The corrected airflow at cruise was limited to the take-
off value because inlet losses would have become unacceptable if the inlet
throdt Mach number were increased. The fan's aerodynamic design point was
chosen to be on an intermediate operating line.

Some advantages of the variable pitch rotor for forward mode operation
are shown in figure 3. The dashed speedlines indicate how fan flow at a
given speed could be varied by changing rotor pitch. At the takeoff condi-
tion it was estimated that the fan speed required to achieve the objective
flow and pressure ratio could be reduced approximately 3% by opening the
rotor pitch by 2°. This potentially could result in a worthwhile reduction
in noise. At cruise, the speed could be increased several percent by closing
the rotor pitch 2°. This both increased fan stall margin and also reduced
the low pressure turbine's loading thereby increasing its efficiency. Vari-
able pitch could thus allow the trends of fan efficiency versus speed and
pitch angle and of turbine efficiency versus speed and loading to be ex-
ploited to seek a minimum level of fuel consumption at cruise.

A summary of fan aerodynamic design parameters is given in table I. The
low tip speed of 306 m/s (1005 ft/sec) and the high bypass ratio of 11.3 are
notable features. Also notable is the low solidity of the fan rotor; the
solidity was less than 1.0 across the full span of the blade to permit the
rotor to be reversed.

A photograph of the full scale UIW fan rotor is shown in figure 4. The
black color of the blades is a result of the graphlte—epoxy material used;
the metal strip on the leading edge is for erosion resistance. The low
aspect ratio and low solidity of the blades are apparent in this photo. Part
of the variable pitch mechanism can be seen in the hub of the fan.

A section through the bypass vane/frame is shown in figure 5. Each of
the 33 low aspect ratio vanes was a structural member made of composite ma-
terial. The pylon extended forward to the leading edge of the vane row and
contained the accessory drive shaft. The leading edge of the pylon nose was
given a cambered airfoil shape to properly align it with the approaching
flow. Five different types of airfoils, each with its own unique camber and
stagger, were used to divert the flow smoothly around the pylon. Two of the
five types of airfoils are shown. A non-standard vane spacing was even used
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to the left side, or suction, surface of the pylon's nose to help reduce a local
high back pressure region so as to avoid potential performance losses or noise
sources.

The generation of reverse thrust by changing the rotor pitch is illus~
trated in the next series of figures. A top view of the rotor at its nominal
design pitch angle in forward mode operation is shown in figure 6 for refer-
ence. Airflow approaches the rotor axially, as there are no inlet guide
vanes to impart swirl. Hub, pitchline and tip blade sections are shown to
illustrate the twist required to keep the blade aligned with the relative
flow direction.

As shown in figure 7, when the blade is reversed through flat pitch, the
blade is closed some 70°-90°. During closure, the normal forward flow drops
smoothly to zero, and then reverse flow is gradually established. 1In reverse,
flow is drawn backward through the bypass vane/frame, and the absolute flow
vector is given swirl opposite to the direction of rotor rotation. The twist
of the blade is in the wrong sense in revese mode; flow through the hub is
blocked off by the rotor, and only the tip section pumps air out the inlet
duct. It can also be seen that the blade's camber is in the wrong sense when
the blade is reversed through flat pitch, since the flow is deflected away
from the axial direction rather than toward axial. In order to pump the air
despite the reverse camber, the blade must operate at a high incidence angle.
It is thus expected that the pumping ability and the efficiency of the fan
will be relatively low when reversed through flat pitch.

Blade orientation when reversed through stall is shown in figure 8. 1In
this case the blade is opened 95°-105°. 1Initially a stall takes place, and
after further opening, normal airflow ceases and reverse flow becomes estab-
lished. The trailing edge of the rotor becomes the effective leading edge
during reverse through stall pitch operation. Although the rotor's twist is
still in the wrong sense, and the flow is still blocked at the hub, the cam-—
ber is now in the proper direction for a compressor blade. It is thus ex-
pected that pumping and efficiency will be highest when the rotor is reversed
through stall.

Scale Model Test Results — A 50.8 cm (20~inch) diameter model, having a
0.282 linear scale factor, of the UTW fan was built for aero performance and
acoustic testing. A photo of the scale model fan is shown in figure 9. Ad-
justable metal blades were used for the test rig. These could be fixed at
any pitch angle, but could not be varied while running. Tests were conducted
in both forward and reverse modes of operation at several pitch angles in
each mode.

A performance map for the bypass portion of the fan flow in forward mode
operation at the nominal design rotor pitch angle is shown in figure 10. The
design pressure ratio, flow and efficiency are indicated by the target sym-
bols, and the objective stall line is shown dotted. Performance maps similar
to the one shown were also obtained at 5° open and 5° closed rotor pitch
angle settings. Tests results indicated that stall margin goals and the de-
sign point efficiency goal of 86.5%Z had been met. At 100% speed the design
flow was achieved at low operating lines, but flow and pressure ratio were

33



below objectives on an operating line through the design point. Analysis
indicated that the rotor blade tip sections lacked circulation capacity at
higher loadings. A redesign to increase rotor camber would have increased
the pumping of the fan on the design operating line, but because of the low
solidity this might have reduced efficiency by opening the throat areas. For
this reason, and because of a tight manufacturing schedule, it was decided
that the blades to be built for the full scale engine would not be re-
designed.

The 95% speed lines obtained at the three pitch angles are shown in
figure 11. This is the fan speed at which tekeoff thrust was to be obtained
in the experimental engine, and the objective takeoff flow, pressure ratio
and efficiency are indicated in the figure by solid symbols. Despite the
fan's lower—than—-design pumping capacity, the flexibility of the variable
rotor pitch feature enabled the fan to meet the very important engine system
takeoff flow and pressure ratio goals simply by opening the rotor 3° from
nominal instead of 2° as originally estimated.

Fan hub performance measured during scale model tests at 100% design
corrected speed for the three rotor pitch angles is shown in figure 12.
Design hub pressure ratio was nearly achieved at design flow with the nomi-
nal design pitch angle. The 78% hub efficiency goal was met at the design
operating line, and was exceeded by a substantial margin at higher operating
lines.

Reverse mode test results from the fan scale model program are shown in
figure 13. Fan pressure ratio from the OGV exit to the engine inlet throat
is plotted versus rotor corrected flow for five different reverse pitch angle
settings: closed through flat pitch by 73° and 78°, and opened through stall
pitch by 95°, 100° and 105°. The data points for a given pitch angle repre-
sent different speeds. Only a single operating line could be evaluated at
each pitch angle, since the engine inlet (which serves as the exhaust nozzle
in reverse mode operation) was a fixed geometry device. The various combina-
tions of flow and pressure ratio needed to achieve the reverse thrust objec-
tive of 35% of takeoff thrust are indicated by the heavy dark band. Although
the reverse thrust goal could not be met when reversing through flat pitch
because of speed limits or high rotor stresses, the reverse thrust ojective
was met for all three of the reverse through stall pitch angles tested.

Engine Test Results — Full scale fan performance was evaluated during
tests of the UIW experimental engine. The engine, shown during build-up in
figure 14, was fully instrumented for performance testing, and data were re-
corded in both forward and reverse modes of operation. Since all tests were
conducted at sea—level static inlet conditions, emphasis was placed on deter-—
mining performance on lower operating lines near the takeoff power setting.

Fan bypass stream performance in the forward mode of operation is shown
in figure 15. All data points are at the objective takeoff corrected speed,
95% of the aero design wvalue, and are at three different rotor pitch angle
settings. The solid speed lines in the background indicate performance mea-
sured during scale model tests. The full scale fan's performance on the
engine was very close to that expected as a result of the scale model tests;
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the efficiency appeared to be slightly better than in the scale model, espe-
cially with the rotor closed 5°. Full scale fan tests confirmed that the
takeoff flow and pressure ratio goals could be met at 957 speed with
approximately a 3° open rotor pitch angle setting. Similar good agreement
with the scale model test results was obtained over the entire range of
speeds and pitch angles that could be evaluated in the engine.

Full scale fan hub performance at 95% corrected speed for the same three
pitch angle is shown in figure 16. 1In the engine tests, fan hub data were
recorded at the inlet of the core engine rather than behind the fan's inner
stator, and thus stator exit total pressure was reduced by an estimated 1.5%
transition duct pressure loss. At the low pressure ratio of the fan hub at
the takeoff condition, this duct loss reduced the efficiency by approximately
seven points. The fan hub turbomachinery efficiency at takeoff pressure
ratio was actually about 807 rather than being in the low 70's as shown in
figure 16 for the overall hub compression. As shown in the figure, the fan
hub performance in the engine was better than in the scale model tests, par-
ticularly at closed rotor pitch angles, and the core engine supercharging
goal was exceeded.

A limited amount of reverse through stall pitch testing was conducted on
the engine with the aero performance instrumentation installed. These engine
test results are shown in figure 17 plotted as overall pressure ratio from
atmospheric engine inlet to fan rotor exit versus total engine flow corrected
by engine inlet conditions. The upper family of curves indicates reverse
mode performance predicted from the scale model tests, while the symbols
indicate engine test data. Although flow at a given speed and pitch angle
was within a few percent of the scale model level, the engine's fan overall
pressure ratio was noticeably lower than expected. Since the inlet pressure
was taken as atmospheric for the data in figure 17, higher flow induction
losses in the exhaust duct would have contributed to the low apparent fan
pressure ratio. Limited traverse data taken in the engine's aft duct during
reverse operation indicated that pressure recovery was 1-2%7 lower than mea-
sured in the fan scale model tests, and the recovery could well have been
even lower than the traverse data indicated. The apparent low fan operating
line could also be the result of the effective discharge area being larger in
the engine than in the scale model. The blockage due to fan exit pressure
rakes was less in the engine than in the scale model, but this difference
alone was not sufficient to fully account for the low operating line. A
final possibility is that some other factor may have affected the size of
the stagnant flow region along the centerline of the engine inlet, thus
altering the fan's effective discharge area. Possible causes of this effect
include differences in the ratio of core engine flow to fan flow and differ-
ences in fan rotor hub platform shapes. Although insufficient data were re-
corded during engine tests to resolve this question, it is an area that de-
serves further testing and analysis since it directly affects the ability to
predict the reverse mode performance of this type of fan.

Although the fan's pumping in reverse mode was less than expected, the
engine system was able to produce 277 of takeoff thrust in reverse, compared
to the goal of 35%Z. While less than the goal, this level of reverse thrust
is believed to be sufficient for many applications.
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UTW Fan Performance Summary - Principal performance results of the UIW
fan tests are as follows:

In the scale model test program -

o The engine bypass efficiency goal of 86.5% was met, but flow and
pressure ratio were low by about 5% at the design operating line.

o Engine takeoff flow and pressure ratio goals were met at 957 speed,
provided the rotor pitch angle was opened 1° more than orlglnally
predicted. :

In‘the engine test program -~

o Engine data in forward mode agreed well with scale model perfor-
‘ mance through 95% speed on the takeoff operating line, and hub
efficiency in particular was 1-3 points higher.

o Engine reverse thrust was less than expected from scale model
tests, but 27% of takeoff thrust was achieved versus a goal of
35%.

OTW FAN AERODYNAMICS

Aerodynamic Design - A cross section of the fan for the OIW engine is
shown in figure 18. Compared to the UTW fan, the OTW fan had a conventional
fixed pitch rotor and had a higher tip speed, a higher pressure ratio and a
higher rotor solidity. It also had low aspect ratio unshrouded rotor blades
that were designed to be fabricated from composite materials, although tita-
nium blades were used in the QCSEE OTW experimental engine. A flow splitter
and inner stator were close-coupled behind the rotor, and the composite by-=
pass vane/frame was identical in its aero design to that used in the UTW
engine.

A portion of the predicted OTW fan performance map is shown in figure
19. The aero design point bypass pressure ratio was 1.36. This point was
selected to be midway between the lower, takeoff, operating line and the
higher, c¢ruise, operating line. A variable exhaust nozzle enabled the fan
operating line to be adjusted to meet flight conditions. Maximum cruise and
takeoff again occurred at the same flow because of inlet throat Mach number
limits.

A summary of OTW fan aerodynamic design parameters is listed in table II.
The fan's tip speed of 1175 ft/sec, while higher than in the UIW engine, was
still a relatively low value. Of those features listed the aerodynamic
design feature of greatest significance in the OTW fan was the effort to
achieve ‘a high hub pressure ratio. The design radial profile of total pres-—
sure ratio at the fan rotor exit is shown in figure 20. The average hub
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pressure ratio was 1.43, higher than the 1.36 average value in the bypass
stream. The tip speed was set 177 higher than in the UIW fan, and a higher
rotor hub solidity (made possible by use of a fixed pitch rotor was used to
aid in achieving the high core supercharging.

A photograph of the rotor for the OTW fan is shown in figure 21. The
low aspect ratio (2.1) of the 28 unshrouded titanium blades is evident in
this view.

- Engine Test Results = Fan performance was evaluated during tests of the
Over-the-Wing Engine. There was no scale model component test conducted for
the OTW fan. A photograph of the OTW engine during build—-up is shown in fig-
ure 22. A full complement of fan performance instrumentation was installed
during the engine tests.

Fan bypass stream performance data from the engine tests are shown
in figure 23. At 1007 design corrected speed the fan exceeded its flow and
pressure ratio goals by '2-3%. The 86.5% bypass stream efficiency goal for
the experimental engine was met or exceeded along an operating line through
the design point. Peak fan efficiency was on a lower operating line than the
lowest tested, possibly near the takeoff operating line, so the exact level
of peak efficiency at high speed was not determined. No stall testing was
attempted during the engine performance runs, and no fan stalls were encoun-
tered. It was thus not possible to determine if the fan was able to meet
its stall margin objectives, although 10% stall margin was demonstrated at
95% corrected speed.

Fan hub performance results are shown in figure 24. These were based
on measurements recorded at core engine inlet, so the design objective pres—
sure ratio and efficiency on this performance map (indicated by the target
symbols) have been lowered consistent with an estimated 1.5% transition duct
pressure loss. Hub performance results were quite encouraging in that the
high level of core supercharging was achieved at 100%Z speed. Efficiencies at
the design operating line were approximately equal to the goal (78% for the
turbomachinery alone) and were significantly higher than the goal at higher
operating lines.

OTW Fan Performance Summary ~ Principal performance results of the OTW
fan tests are as follows:

o Fan bypass pressure ratio and flow exceeded design goals by 2-3%,
and the engine's bypass efficiency goal of 86.5% was met at the
design operating condition.

o The high design hub pressure ratio was exceeded, and the design

hub efficiency goal of 78% was’met at the design operating line.
Peak hub efficiency was quite high.
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CONCLUSIONS

Both the OTW and UTW fans performed satisfactorily during sea-level
static engine tests, and most of the fan aero performance goals established
for the experimental engine programs were met. Some further development of
the UIW fan would be required for it to meet its altitude cruise performance
goals, and the reduced pumping of this fan during engine reverse mode tests
needs to be understood and improved. Important advances in fan aero tech-
nology were demonstrated during the QCSEE program, and these advanced fan
features can be used with confidence in future turbofan engines for short-

haul aircraft.
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TABLE I. - UTW FAN AERO DESIGN FEATURES

Tip Speed

Radius Ratio

Specific Flow

Bypass Pressure Ratio
Core Pressure Ratio
Bypass Ratio

inlet Tip Relative Mach No.
Rotor Tip Solidity
Rotor Hub Solidity
Rdior Aspect Ratio
Number of Blades

Number of OGY’s/inner Stators

306 m/s (1005 ft/sec)
0.44

199 kg/sec-m2 (40.8 Ibm/sec-f12)
1.34

1.23

11.3

1.13

0.95

0.98

2.1

18

33/96

TABLE II. — OTW FAN AERO DESIGN FEATURES

Tip Speed

Radius Ratio

Specific Flow

Bypass Pressure Ratio
Core Pressure Ratio
Bypass Ratio

inlet Tip Relative Mach No.
Rotor Tip Solidity

Rotor Hub Solidity
Rotor Asbect Ratio
Number of Rotor Blades

Number of OGV’s/Inner Stators

39

358 m/s (1175 ft/sec)
0.42

194 kg/sec-m2 (39.8 ibm/sec-ft2)
1.36

143

9.9

1.22

1.30

2.23

21

28

33/156
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UTW Variable-Pitch Fan Design Map
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UTW Fan Rotor Blade
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Figure 9

UTW Fan Scale Model
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UTW Fan Take-off Operation
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UTW Fan Scale Model Reverse Mode
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UTW Engine
Fan Bypass Performance at 95% Speed
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OTW Fan Design Map
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OTW Fan Bypass Performance
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QCSEE CAM/HARMONIC PITCH ACTUATION SYSTEM*

R.M. Levintan
Hamilton Standard
Windsor Locks, Connecticut

INTRODUCTION

This paper covers the program that was conducted to design, fabricate
and test a pitch change actuation system for the under-the-wing QCSEE
engine. The term "Cam/Harmonic" will become clearer to you as the details
of the system are described. As you will see, the concept embodies a num-—
ber of significant technology advancements that have not been embodied in
previous variable pitch systems. The work was performed under a cost-
shared, sub-contract to G.E. and culminated with deliverty of the actuation
system for incorporation into the initial build of the under-the-wing
engine. The paragraphs that follow will cover the design requirements for
this system, alternate concepts studied, a description of the selected de-
sign, and results of whirl rig testing of the system prior to engine
operation.

DESIGN REQUIREMENTS

The design criteria for the actuation system were established consis-
tent with the demands of commercial service. The mission cycles, major
component life and bearing life values used for the design reflected this
philosophy as follows.

o) 48,000 Missions

o} 36,000 Hours Major Components
9,000 Hours Bearings and Expendables

o Actuation Rate 135°/sec
o Feedback Accuracy +1/4°

o Net Blade Twisting Moment — Function of Blade Angle

*
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No compromise in design criteria or weight were accommodated for the fact
that the system was to be used in a short test life, experimental engine.
The only deviation from this approach was in selection of such readily
available items such as hydraulic motors, servo valves, etc.

The high rate of pitch change capability designed into the system re-
flected the need to accomplish very rapid reverse thrust dictated by STOL
aircraft operation. In addition, rapid thrust response would be possible
for go—around operation. The feedback accuracy is important to obtain con-
trol system accuracy.

The actuation system is required to overcome the twisting moment loads
inherently present in a variable pitch system; these loads vary as a func-
tion of blade angle as shown in figure 1. The twisting moment values shown
were used in the design and were provided by G.E. The centrifugal moment
curve is sinusoidal and it is a function of the mass distribution of the
blade about the pitch change axis and the centrifugal field. The aero-
dynamic twisting moment 'is the torque generated by the center of pressure
about the pitch change axis. The sum of these two torques is the net value.
The frictional moment of the blade retention bearing due to centifugal pull
was also supplied by G.E. as a constant maximum value. The zero degree
setting is the static, takeoff setting.

The large range of blade angle travel was initially established so
that reversing of the fan could be accomplished both through stall, that is
in the open pitch direction,as well as in the closed pitch direction. Model
and full scale engine testing conducted while the design was in process
showed that much higher levels of reverse thrust could be achieved by the
through "stall" approach. As a result, the closed pitch method was never
implemented in the hardware phase.

ALTERNATE CONCEPTS STUDIED

Prior to initiation of the contracted effort, an in-depth study was
conducted to select an optimum concept.

Ten designs of various mechanical and hydraulic arrangements were
studied; and a comparative assessment was made using weight plus six other
criteria such as reliability and development risk. The matrix was re-
duced to six choices for more in-depth evaluation and the matrix of criteria
was increased to ten factors. The selected cam/harmonic system scored
heavily in the following areas.

o Weight

o Reliability

o Simplicity

o Accessibility of Controls

54



DESCRIPTION OF SELECTED SYSTEM

The key elements of the mechanism are depicted on the block diagram
and schematic shown in figures 2 and 3.

The input from the G.E. supplied digital control system is a blade
angle position command to the electro-hydraulic servo valve; the servo
meters flow from a remote hydraulic source to power a hydraulic motor, the
output of which drives a high speed flexible shaft.

The output position of the hydraulic motor provides a feedback signal
from an LVDT to the digital control. Although the remainder of the system
is open loop, it does provide a high degree of positioning accuracy. A dif-
ferential gear transfers the torque of the flex shaft from the stationary
reference to the rotating fan. This torque is then increased, with a.cor-
responding speed decrease, by the harmonic drive which produces a very high
speed reduction. The output of the harmonic drive is transmitted to the
blade through the cam which rotates the trunnion arm. The combination of
the trunnion arm and the contour of the cam track provides the desired out-
put torque-versus—blade angle characteristic. The no-back is a simple
locking device which fixes blade angle in the absence of any input motion
on the flex shaft.

The key design features of the system are more apparent in figure 4.

The beta regulator which comprises the servo valve, hydraulic motor
and feedback signal is packaged as a unit and mounted remotely from the fan
for ease of replacement; since the control portion of actuation systems
have historically been the major contributor to unscheduled removals. In
addition, the remote mounting is a less hostile environment as compared to
a location inside the fan in this area which would be in close proximity
to the gear box.

The overall gear ratio between the hydraulic motor and the fan blade
is 1000:1. Of this, 200:1 is provided by the harmonie drive. This high
reduction is provided in a very small envelope and for a minimum weight.
The principle of its operation will be explained in a moment.

The QCSEE fan has a large disk as well as a higher RPM than previous
variable pitch systems resulting in a significant weight penalty of oil
that would be required to fill the disk, in addition there would be an in-
creased potential leakage due to a high centrifugal induced oil pressure.
As a result of these considerations, dry lubrication was used for the cam
track and roller. The G.E. designed retention used greased packaged bear-
ings. As a consequence, the interior of the rotor is accessible for
visual inspection.
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The no-back is a coil-spring device which as noted earlier locks the
system when there is no input motion from the Beta regulator. The system
is self energizing in that a very low magnitude of back-drive torque will
lock it. Similarly, it is released by extremely low levels of- input drive
torque.

Such features as the low torque, high speed drive between the Beta
regulator and the harmonic drive, elimination of o0il in the disk and the
lightweight no—back made this concept the lighest of the ten systems that
were evaluated. :

Lubrication for the flex shaft, no back; differential gear and har-
monic drive is provided for by a low 0il flow from the Beta regulator
through the flexible drive housing. This flow is centrifuged into these
components and returns to the gear box scavenge area. A benefit of this
configuration is the elimination of high pressure hydraulic transfer across
the compressor inlet or through the gear box, thereby, improving safety and
reliability. .

Another maintenance feature is the ability to replace the flexible
shaft from the Beta regulator end; without disturbing the fan assembly.

I've indicated that the harmonic drive is one of the key elements in
achieving a lightweight design. Its operating principle is illustrated by
figure 5.

Rotation of the input wave generator which you can see has three
lobes, causes a distortion of the thin flex spline member. The passage of
two lobes past a given point on the output lobe causes the output circular
spline to advance one tooth.

Since there are three lobes, the output motion per revolution of the
wave generator is three teeth as indicated, which combined with the number
of teeth.used, 600, provides a 200:1 ratio.

Because the teeth are quite small, a key design parameter is ratcheting
capacity, that is the ability to resist "skipping" or "slipping." Under
the combination of load induced deflection and thermal effects the harmonic
drive was tested as a component prior to initiation of the whirl rig test.

This device has been used in such applications as the duct tilting
mechanism on the Bell X-22 VIOL aircraft and on the wheel drive system for.
the lunar rover. )

The harmonic drive components are shown in figure 6; the wave genera-
tor and circular spline are designed for high radial stiffness to minimize
radial deflection under load. .The flex spline is, of course, designed to
continually deform during its operating lifetime.
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The cam, shown in figure 7, provides contoured tracks for the 18 cam
follower arms and bearings. The cam contour coupled with the variation in
the effective moment arm provides the variable torque ratio required to
match the loads-versus-blade angle requirements shown earlier. This hollow
structure is made of a hardened steel; its diameter is dictated by the en-
velope required to locate the grooves on a spherical surface as well as by
the structural requirements of the groove walls.

WHIRL RIG TEST

A 60-hour whirl test using an electric motor drive was performed on the
system prior to engine test. A disk and 18 counterweights were supplied for -
this purpose by G.E. The counterweights provide twisting moment loads by
virtue of their mass distribution when operating in a centrifugal field.

The whirl rig test was conducted using the entire actuation system in-
cluding the Beta regulator assembly.

The objectives of the program were designed to prove acceptable per-
formance and durability characteristics prior to engine test by demonstra-
ting actuation rates and position accuracy, and by limited endurance opera-
tion.

Figure 8 is a photograph of the test rig. The rotor assembly is shown
in the background; the 18 blade counterweights and cam arms are also
visible. The housing in the foreground was used to mount the flexible
drive shaft and the Beta regulator. The drive shaft was configured exactly
as it would be in the engine even though the fan in this test was being
driven from the front; this method was used for ease of testing.

The test program consisted of functional, structural and endurance
testing. Test results produced an average pitch change rate of 116°/sec
with a maximum rate of 135°/sec. Although this was less than the 135°/sec
average value specified, it was judged to be a satisfactory level of per-
formance. Perhaps more important was the demonstration of blade travel
from positive thrust to full reverse thrust through stall of approximately
one second. The required blade positioning accuracy of #4° was at-—
tained, and although not a requirement, a hysterisis of 1%° was demon-
strated as was the ability to provide a minimum step change of %° in
blade angle.

The most important result of the testing was demonstrating compliance
with the load capability of the system as measured against the levels speci-
fied by G.E. which were presented earlier. The no-back was demonstrated to
hold the fan blade in a locked position under: the maximum load or overspeed
condition. A total of 550 simulated mission cycles were accomplished;
each cycle consisted of sixteen blade angle/RPM combination including one
reverse cycle.
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The results of the testing were in an overall sense positive, with
very little "fix" and retest required. Moreovér, the system was judged to
have satisfied specification requirements; it was therefore subsequently
assembled into the ‘QCSEE under-the-wing engine.
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QCSEE BALL SPLINE PITCH ACTUATION SYSTEM*

R.H. Griswald
General Electric Company
Cincinnati, Ohio

INTRODUCTION

In the late 1974, General Electric launched a program to design, build
and test a Variable Pitch Fan Actuation System for the QCSEE UTW engine.
Reliability, maintainability, production costs and weight were evaluated for
a number of candidate designs. This paper covers the selection of the ball
spline system and a description of how it operates. Whirligig and éngine
test results are also discussed.

SYSTEM SELECTION

Using technology demonstrated on previous variable and reverse-pitch fan
rigs, a second generation ball spline actuator was studied. Several alternate
concepts were also evaluated, including worm gearing, "mini" gearboxes, indi-
vidual screwjacks and a single planetary gearbox were all designed to the same
conditions as the ball spline. The ball spline with two output ring gears was
selected because it was the least complex and was extremely rugged. 1Its re-
duced parts count carried with it the promise of a lightweight, highly reli-
able design.

DESCRIPTIONS OF SELECTED SYSTEM

The actuator system as shown in figure 1, is made up of a ball screw,
ball spline and two ring gears. The ring gears collect and synchronize the
individual pinions that are attached to each of the 18 blade trunnions. As
the input drive shaft is rotated, the two ring gears move in opposite direc-
tions. This imparts two equal reactions to each pinion, thus minimizing gear
loads and providing a redundant load path.

The pitch change mechanism is shown schematically in figure 2 and as a
block diagram in figure 3. It is made up of blade positioning, speed reducer,
differential and noback, and is driven by a piston type hydraulic motor that
is controlled by the servovalve. The servovalve is operated by the digital
control, while the control, in turn, receives its position intelligence from
the feedback. Motor output drives through the differential gearing and no-
back. The noback accommodates input movement in either direction of rotation

*
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but prevents fan blade torque fromébackdriVing the system. A stage’ of reduc~
tion gearing is required to match the output of the motor with the blade po-
sitioning mechanism.

This cross section, figure 4, shows the details of the system including: "

( Hydraulic motor

o Feedback-

o Gearing

o Nobaék

o Thrust bearings
o Ball screw

o Ball spline

o Torsion stops
o Ring gears
) Pinions

In order to actuate the fan blades, large axial forces must be generated
in the load-path formed by the ball screw, thrust bearings and inner member of
the ball spline. The key to minimizing actuator weight was in keeping this
closed~loop-load-path.short and on a small radius. '

Key design features include the motor and feedback located near the actu-
ator for crisp blade movement and accurate positioning. Redundant ring gears
reduce steady state loads and improve reliability. The ball spline and ball
screw are rugged proven designs. The differential gearing and noback are
packaged together in. order to simplify actuator assembly.

The ball spline and ball screw shown in figure 5 are the heart of the
actuator assembly. Recirculating tracks of balls are lubricated by engine
0il and transmit the required forces smoothly and efficiently. Ball tracks
are hardened steel to assure long life. The drive package provides the input
force and position intelligence for the actuation system. Two motion feed-
back transducers are mechanically coupled to the motor output shaft by gears
and a spring loaded thread arrangement.

RIG. TESTING

An actuator whirl rig test was run at General Electric using the bread-
board digital control. Test objectives were:

o Proof test prior to engine running
o Demonstrate actuation rates and propulsion accuracy
o Demonstrate endurance during limited testing
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) Investigate compatibility with digital control

Figure 6 shows the GE system mounted in the Whlrl rig. This view is aft
looking forward with respect to the engine. Clearly visible is the drive pack-
age and the simulated fan blades.

Testing of the GE system was completed in less than two weeks. Demon-
strated average actuation rate was 125° per second. The system was compati-
ble with the breadboard digital control, and blade positioning accuracy was
demonstrated within 1/4° in forward thrust. A system hysteresis of 3° was
uncovered when actuated back and forth at zero speed, but it did not compro—
mise testing and no effort was made to reduce the value. Clearances in the
actuator assembly, that exceed design predictions, appear to be respons1ble
for this observed hysteresis.

Noback holding above maximum fan speed was demonstrated, and flfty mis~
sion cycles were run.

ENGINE TESTING

Both the Hamilton Standard Cam/Harmonic¢ and the General Electric Ball
Spline Systems were engine tested. Figure 7 shows the fan rotor with the
Cam/Harmonic system installed. Clearly visible are the nested lever arms and
the spherical cam that drlves the blades in unlson as the cam rotates with re-
spect to the fan disk.

The cam/harmonic system completed 47 hours of enginme testing. It accu~
rately positioned the fan blades at lower speeds, but could not move the
blades against the load when operating above 85% fan speed. Since this sys-
tem handled the simulated blades during whirl rig testing, it was concluded
that actual blade torques exceeded design estimates.

The ball spline system completed 106 hours of engine testing. Motor
torque was increased 16% prior to engine test and the system crisply actuated
the blades at all speed. There was an indicated 1.3° system hysteresis,
based on airflow measurements, when the direction of blade movement was re-
versed while operating near nominal. This was again attributed to excessive
actuator clearances and presented no operational problems.

CONCLUSTIONS

It was concluded that both systems demonstrated éohcept feasibility dur-
ing whirl rig and engine testing. Either system could be developed for opera-
tional use.
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QCSEE MAIN REDUCTION GEAR*

0.W. Misel
Curtiss-Wright Corporation
Wood-Ridge, N.J.

INTRODUCTION

The NASA/GE Quiet Clean Short-haul Experimental Engine (QCSEE) concept is
based on a light weight high speed power turbine driving a slower speed quiet
fan. To accomplish this objective required a compatible compact, light-weight,
high power capability main reduction gear. Two reduction gears designed, manu-
factured and rig tested by Curtiss-Wright under sub-contract to General Elec-
tric have given trouble free performance throughout the engine demonstration
program.

This paper reviews the phases of the QCSEE Main Reduction Gears develop-
ment program from the initial design requirements through engine test and con-
clusions. Each of these phases will be discussed in some detail.

DESIGN REQUIREMENTS

The QCSEE UTW Main Reduction Gear is shown in figure 1. One point of
interest is that the maximum diameter of the gear is only 63.5 cm (25 in.)
which was the maximum permissible to be compatible with the required engine
housing air flow paths.

The under-the-wing (UTW) and over-the-wing (OTW) engine concepts were
based on using the same core engine, but differing fan performance character-
istics dictated different reduction ratios and power ratings. The main reduc-
tion gear feasibility design studies were directed toward approximately 2.5:1
ratio and 9321 kw (12,500 hp) at 3197 rpm fan speed for the UTW engine and

approximately 2.1:1 ratio and 11,282 kw (15,130 hp) at 3782 rpm fan speed for
the OTW engine.

The specified operating life objectives included 36,000 hours with a
minimum of 6000 hours time between overhauls.(TBO).

Since light weight and minimum complexity were prime requirements for the
engines a single lubrication system for the turbine, accessory drive and the
main reduction gear using either MIL-L-7808 or MIL-1-23699 lubricant was spec-—
ified. This also meant that special attention to gear:design factors such as
tooth spacing accuracy, involute profile modification, surface finish, gear
misalignment and contact stress, was required to insure against scoring for
these high performance gears.
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Since both the UTW and OTW reduction gears were to be used on the same
basici engine, identical interfaces between the reduction gears and the engine '
were specified. These interface points included:

o Power turbine coupling to input gear

o} Gear support aftachment to engine housing
o} Power output gear to fan shaft
o Lubrication supply connection

The capability-of the reduction gear unit to be installed and removed as
an assembled module was another consideration.

" Since "Quiet" is the "Q" in QCSEE, a low noise level for the reduction
gear -was an important objective. Considerations for a quiet gear started in
the design phase.

DESIGN APPROACH

A number of years ago, Curtiss-Wright developed a 9000 hp turboprop mil-
itary engine which included a two-stage epicyclic reduction gear. That reduc-
tion gear shown in figure 2 had an overall reduction ratio of 7.0:1 which in-
cluded a 2.67:1 reduction in the primary stage. During an early conceptual
phase of the QCSEE program use of the original YT-49 primary stage gear was
considered. However, as the engine design studies progressed, the need for
higher power capability and a different ratio were indicated, but the YT-49
reduction gear technology was still applicable. Features of the YT-49 gear
utilized in the QCSEE main reduction gears include the fixed carrier star con-
figuration, flexibility in the sun and ring gears and supports, straight spur
gears and double row spherical roller bearings with the outer race integral
with the star gear.

A schematic cross section of a QCSEE fixed carrier epicyclic star system
reduction is shown in figure 3.

The major components of this epicyclic star gear system are:

o Fixed star gear support

o Diaphragm type sun gear coupling
o Sun gear

o Star gears

o Ring gear

o Lubrication system components
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These gear sets were to be installed within the engine housing with the
star, carrier supported by the engine frame, the input gear supported by the
power turbine shaft and output gear supported by the fan shaft.

The power input to the reduction gear is through the sun gear. With the
fixed star gear carrier or support, the star gears serve as idler gears pro-
viding multiple power paths between the input sun.gear and the output ring
-gear. In this configuration the star gear bearings are subjected to only the
tangential gear tooth loads and not to added centrifugal loads as would be in
the case of a conventional planetary with the carrier rotating.

Lubrication of the gearing is provided from the engine system through a
single connecting tube to an oil manifold .attached to the star gear trunnion
support. An annular passage distributes oil to the individual trunnions
where radial passages in the trunnions and bearing inner races provide lubri-
cation to the star gear bearings. Spray tubes on the forward side of the
manifold provide lubrication and cooling to the sun and star gear teeth. The
spray tubes, which are not shown in this figure, have a number of jets spaced
to distribute oil across the faces of the gear teeth.

Flexibly mounted gears is one of the key features of Curtiss-Wright's
approach to achieving load equalization between power paths and across the
faces of the gear teeth. A double diaphragm type coupling is used between
the turbine shaft and the sun gear. The sun gear also incorporates flexibil-
ity in the web. The objective here is to allow the sun gear to be positioned
by the mesh contacts with the star gears and be subjected to minimum influ-~
ence of any relative radial motion between the turbine shaft and the star
gear support. With the accurate machining of the star gear bearing trunnion
locations and the gears, a very high degree of load equalization with the
individual star gears is achieved. A flexible section between the ring gear
and the spline attachment to the fan shaft allows this gear also to be posi-
tioned by the mesh contacts with the star gears and be subjected to minimum
influence of any relative radial motion between the fan shaft and the star
support. A cylindrical roller bearing between the aft end of the fan shaft
and the member to which the star gear support is attached also helps to main-
tain the relative position of the fan shaft to the star gears.

Mounting of the star gear on a double row spherical roller bearing allows
the gear to operate in a plane defined by the loaded tooth contacts with the
sun and ring gears, thus providing good load distribution across the face
width. 1In the design of the gear rims and star gear trunnion supports, sec~
tion modulii are selected that provide relatively close matching of gear and
tooth deflections for the mating gear teeth at each mesh. Consequently, devi-~
ation of the plane of rotation for the star gear bearing outer race from the
plane of the inner race is very small.

Design factors contributing to smooth operation and low gear noise are
the use of a minimum gear contact ratio equal to 2 and numbers of gear teeth
selected for hunting and non-factorizing. A minimum contact ratio of 2 means
that there are never less than two teeth in each gear in contact at each mesh.
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In designing for hunting and non~factorizing the number of teeth in each
gear is selected such that no two teeth in the gear set enter engagement simul-
taneously and the same two teeth in mating gears repeat engagement only after
engagement with all other teeth in the mating gear.

DESIGN SUMMARY

Engine and fan trade-off performance studies by General Electric resulted
in changes in power requirements and speed for the UTW and OTW main reduction
gears final designs as shown in table I. The UTW power increased approximately
4% and the fan speed decreased slightly to 3157 rpm. The OTW power increased
approximately 12% and the fan speed increased to 3860 rpm. These requirements
were gcecommodated within the originally specified envelope. The number of star
gears shown, six for the UIW gear and eight for the OIW gear, are the maximum
that can fit in the available space allowed by the reduction ratios.

The UTW pitch line velocity of 97.5 m/s (19,200 ft/min) is only slightly
higher than in the YT~49 gear while that for the OTW unit is approximately 30%
greater. Neither of these are considered excessive.

The star gear bearing 0.74 X 10® DN value (bearing bore, mm X outer race
rpm) for the UTW gear compares favorably with the 0.72 X 109 DN value for the
YT-49 reduction gear. The 0.90 X 10® DN value for the OTW star gear bearing
is higher than any known previous experience for a double row spherical roller
bearing.

Design o0il flow rates shown are divided between the star gear bearings and
the gears. Approximately 35% of the flow goes to the bearings and 65% goes to
the gears through the spray tube jets. The flow split for each spray tube is
approximately 507 to the sun gear and 50% to the star gear on the out of mesh
side.

Materials selected for the QCSEE main reduction gears were carburized AMS
6265 for the sun gear, star gears and the coupling, nitrided AMS 6470 for the
ring gear and AMS 6415 for the star gear carrier. Heat treat data for the
gears are:

Sun and star gear teeth:

Finished case depth 0.635-0.889 mm (0.025-0.035 in.)
‘Case hardness - R, 60-63
Core .hardness ~ R 32-40

Star gear spherical raceway:
Finished case depth - 1.524~1.778 mm (0.060-0.070 in.)
Case hardness -~ R, 60-63
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Ring gear -
Nitride depth - 0.51 mm (0.020 in.)
Case hardness - 15N91 min.

Maximum limits selected for the gear design stresses were approximately
24.1 kN/em? (35,000 psi) bending and 93.1 kN/cm? (135,000 psi) contact.
These are well below AGMA allowables and Curtiss-Wright operating experience.

The spherical roller bearings have CEVM M-50 steel innmer races and
rollers and AMS 4616 silicon bronze, silver plated cages.

HARDWARE FABRICATION

Two UIW gear sets and three OTW sets were manufactured. Two sets of each
were required for the back-to-back rig test and one of each of these test gear
sets were subsequently installed in the engines.

RIG TESTING

Primary objectives of the rig test program were to demonstrate satis-—
factory operation and to determine operating characteristics of each of the
reduction gear designs prior to installation in the engine.

Testing was conducted with two essentially identical reduction gears in-
stalled in a back-to-back test rig and torque loaded to simulate engine opera-
ting conditions.

Figure 4 shows a schematic cross section of .the upper half of the test
rig in which some engine reduction gear cavity and oil scavenging cliaracter-
istics are simulated. The reduction gears are mounted by the star gear sup-
port in each end of the rig. The sun gears are connected through engine type
diaphragm couplings and the input drive shaft. The ring gears are supported
and connected by simulating engine fan shafts. An engine type 0il anti-churn-
ing and scavenging screen was installed in the test gear end of the rig. O0il
is supplied to the gears through engine type oil inlet tubes.

Rotation of one gear assembly relative to the other introduces the torque
into the gear system.

Figure 5 shows the drive end of the test rig and also the torque loading

hydraulic cylinders which by the application of hydraulic pressure rotate one
end of the rig relative to the other and apply the load -t6 the gears.
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Significant results of the rig test are shown on table II. The reason
for the OTIW unit not being operated to 100% speed at 1007 torque was not. the
fault of the gear but rather an overestimate of the capability of an aged
motoring dynamometer when planning the test program.

The reduction gear efficiencies were a little lower than had been ex-
pected but it is believed improvement could have been accomplished through
some lubrication and scavenging development in the vicinity of the sun and
star gears.

The engine hardware oil baffle screen was installed in the test gear end
of the rig at the start of the test program to verify or predict the scaveng-
ing characteristics of the engine. The rig operation appeared to indicate
marginal scavenging accompanied by oil churning. Several scavenging and
baffle screen modifications were evaluated. The OTIW gear with the higher
pitch line velocity appeared to be the more critical.

Upon conclusion of the rig test programs, the test gears were thoroughly
inspected and delivered to Gemeral Electric for installation in the engines.

ENGINE TEST RESULTS

Figure 6 shows the UIW reduction gear, including the fan pitch change
mechanism support, installed in the engine but with the fan shaft and ring
gear removed.

We are happy to note that' there were no operational pfoblems with either
the UIW or OTW gear sets during the engine operation.

The indicated reduction gear efficiency of 97.7% in the engine was some-
what lower than that experienced in the rig tests but this is attributed at
least in part to inaccuracies in the method of estimating the sources of heat
rejected to the o0il and oil flow distribution from several sources within the
engines.

It is believed some development effort related to the placement of the
0il supplied to the gears and the scavenging characteristics both within and
surrounding the gear set can improve the efficiency to a value even better
than that previousgly shown for the rig tests.

Another item of interest in the engine test was gear noise. The gear
noise level even at meshing frequencies appeared to be below that of the rest
of the engine and indiscernible.

The UIW reduction gear set was inspected at an interim point in the en-
gine operation. All parts passed Magneflux satisfactorily and tooth wear
patterns were uniform. Slight corrosion was apparent on the ring gear due to
inadequate removal of fingerprints, and slight evidence of bearing skidding
was noted. Upon completion of the UIW engine operation, the engine was de-
livered by GE to NASA without disassembly. The OTW engine was also delivered
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by GE to NASA after completion of operation without disassembly or gear in-
spection. Subsequent engine operation has been conducted at NASA.

CONCLUSIONS

Some general conclusions can be drawn from the rig test and engine oper-
ations. Both reduction gears have given trouble free performance during the
entire engine demonstration tests.

Total time on the UIW gear is approximately 202 hours:

Test rig 49 hrs.
Engine 153 hrs.

Total time on the OTIW gear is approximately 135 hours:

Test rig 36 hrs.
Engine~GE 58 hrs.
Engine~NASA 41 hrs.

Although this is hardly sufficient operating experience on which to
guarantee achievement of the 36,000 hours life and 6000 hours TBO objectives,
we believe that the feasibility of a geared fan drive has been satisfactorily
demonstrated and we are confident that with the benefit of a little develop-
ment effort an acceptable reduction gear performance and life for operation
engines can be achieved. ’
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TABLE I. - DESIGN SUMMARY

uTWw oTW
e Gear Ratio - 2.465 2.062
e Power Transmitted, 9708 12,610
kW (HP) (13,019) (16,910)
¢ Maximum Fan Speed, RPM 3157 3860
o Number of Star Gears 6 8 .
¢ Pitch Line Velocity, 97.5 119.3
m/s (ft/min) (19,200) (23,450)
¢ Pressure Angle, Degrees 21 21
¢ Diametral Pitch 7.5321 7.1884
¢ Bearing dN .74 x 10° .9 x 10¢
¢ Oil Flow, m%/s (GPM) .0833 (22) .0945 (25)

e Heat Rejection, kd/s (BTU/min) 116 (6600) 190 (10,800)
* Maximum bearing Temp., K (°F) 417 (290°) 417 (290°)

TABLE II. - RIG TEST RESULTS

uTWw oTW
o Demonstrated
Speed/Torque, % 100/125 80/109*
105/50 95/50*
*Limited by Drive Power
e Completed 48.8 hr 36 hr

e At Max Speed
and Torque, 344K (160°F) Qil Inlet

Oil AT = 294K (70°F) 321K (119°F)

Oil Flow = 80 kg/min 91 kg/min
(177 tb/min) (200 Ib/min)

N Mech = 98.9% - 98.7%

® Developed Lube/Scavenging System Through
Several Configurations
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QCSEE COMPOSITE FRAME AND NACELLE*

C.L. Stotler
General Electric
Cincinnati, Ohio

INTRODUCTION

One of the major areas of new technology investigated under the QCSEE
program was the application of advanced composite materials to major engine
hardware. This paper discusses the applications as they pertain to the
static components. The following paper will discuss their application to
fan blades.

Two types of static structure were demonstrated during the program.
The first of these was the fan frame which represents a structure requiring
both high strength and stiffness. This is the main support point for the
engine and will be discussed in some detail, covering the frame requirements,
structural description, design, analysis, fabrication and testing. The
second type of static structure that utilized advanced composite was the
nacelle, which consisted of the inlet, outer cowl, fan nozzle, and the inner
cowl. For each of these areas, the design requirements will be discussed
followed by a structural description, an outline of the basic analysis and
a brief discussion of the fabrication techniques employed. The results of
the engine testing will be summarized and some conclusions drawn.

COMPOSITE FAN FRAME

The graphite/epoxy fan frame, shown in figure 1, is the largest highly
loaded advanced composite structure yet built for a turbofan engine. It is
the first time the major structural support for such an engine was con-
structed utilizing advanced composite materials for virtually all of its com-
ponents.

It has been estimated, based on two smaller composite frame programs
conducted in 1972 through 1974, that this type of application could save
from 257 to 35% in weight over an equivalent metal frame. These previous
programs had generated sufficient technical confidence in the ability to
undertake the design and fabrication of advanced composite frames without
a back-up metal frame.

This program thus provided the somewhat unique opportunity to design a
major composite engine structure from an original equipment point of view
rather than a replacement component in an existing engine design. This per-
mitted a much more integrated structure than is possible when constrained by
the necessity of mating with existing hardware.

*
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The QCSEE program included the design and testing of both an under-the-
wing (UTW) and over-the-wing (OTW) propulsion system, thus requiring two
advanced composite fan frames. The differences in these two frames were so
minor as to have no effect on the basic frame structure. For simplicity
then, all further discussion will pertain to the frame used in the UIW
propulsion system.

DESIGN REQUIREMENTS

The QCSEE frame design>was governed by the necessity for performing
the following major structural and aerodynamic functions:

o Provide the main engine forward attachment points for thrust,
vertical and side loads.

o Support the fan thrust bearing, variable-pitch system, reduction
gear and compressor thrust bearing.

o Support the inlet, aft outer and aft inner core cowls.
o Support the core compressors at the forward casing flange.
0 Support the fan hub OGV's.

o Provide the mounting position for the accessory gearbox and
digital control.

'STRUCTURAL DESCRIPTION

As can be seen in figure 2, the QCSEE integrated fan frame is a graphite/
epoxy structure that incorporates the fan casing, fan bypass stator vanes
and core frame into one all-bonded structure. It provides the primary support
for the engine. Fan blade tip treatment and containment are provided by the
grooved and Kevlar—filled structure integrated in the forward portion 'of the
outer casing. Positioning of the fan and core engine bearing supports rela-
tive to the integral ‘nacelle/outer casing is provided by 33 bypass vanes
which also provide flow turning of the fan discharge. Due to the blockage
caused by a pylon at the 12 o'clock position, the camber of these vanes are
tailored differently depending on their circumferential position.

The hub of the frame is connected to the frame splitter through six
equally spaced struts. The inner shell of the outer casing, the bypass
duct and core duct surfaces of the frame splitter, and the pressure faces
of the bypass vanes are perforated to provide acoustiq .suppression within
the frame structure.
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STRUCTURAL ANALYSIS

The frame was designed based on the load conditions shown in Table I.
The magnitudes of some of the more critical of these loads are shown in
figure 3. The basic structural concept used in the frame design is also
shown in this figure. The primary radial members of the frame consist of
three wheel-1like structures. The forward wheel is a flat-spoked wheel,
comprised of a splitter ring, hub ring and six spokes. The middle and aft
wheels are flat-spoked wheels consisting of an outer casing ring, splitter
rings and 33 spokes connecting the outer casing ring to the splitter ring.
Shear panels of the proper aerodynamic shape are bonded to these wheels
to form the fan bypass stator vanes and the struts in the core flowpath.

The aft splitter ring contains the engine-mount attachment points.
These consist of a metal uniball at the 12 o'clock position which reacts
vertical and side load and two metal thrust brackets located 45° down on
either side of the uniball.

The internal and load distribution for the frame was determined using
a finite element computer program which represented the frame structure
as a combination of curved beams, straight beams, and plates, all capable
of having orthotropic material properties. A graphic comparison of the
analytical model to the actual hardware is shown in figure 4. 1In the core
region of the frame, the struts were modeled as three straight beams (repre-
senting the spokes of the wheels) connected to curved beams in the hub and
splitter region (rims of the wheels), all tied together by plates represent—
ing the flowpath and splitter walls. The fan flowpath area was represented
by radial beams representing the bypass vanes (wheel spokes and flowpath
panels were lumped together and appropriate section properties used for
these pseudo beams) tied to plates representing the outer casing forward to
the inlet. Appropriate structure was also included to represent the mount
structure and the compressor case back to the turbine frame.

A number of iterations were made on thickness and orientation of the
various elements of the model to arrive at an efficient structure which
would meet the design requirements. By these iterations it was possible to
take advantage of the ability to tailor composite materials to the specific
load requirements of the individual components. As can be seen in Table II,
a considerable amount of tailoring was possible. ' :

Once the material configurations were selected, the computer model
was used to determine the final internal stresses in the frame components.
Several of the most critical of these are shown in Table III along with
the allowable stress for the specific lay-up pattern for the component.
The "Design Calculated Stress" for the "Critical Flight" conditions shown is
a conservative three times the actual calculated stress for that condition.
As can be seen in Table III, the stress allowable, as verified by material
properties tests, always exceeded the design calculated stress indicating
a safe design. The effect of different thermal coefficients where the
titanium bearing cones attached to the composite structure was also accounted
for as shown in Table IV.
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Since one of the most critical areas of composite structures is the
joining of the individually molded pieces, é¢ither by bonding or mechanical
fastening, the critical joint areas of the frame were investigated by a series
of individual subcomponent tests representing these areas. A total of 36
specimens representing 21 different areas of the frame were fabricated and
tested to failure.

In all cases, the failing load of the subcomponent was in excess of
the maximum design requirements of the area represented.

A summary of some of the more critical of these tests is shown in Table V
and a typical failed subcomponent is shown in figure 5.

FABRICATION

Designing the frame was only the first part of the problem. It then
remained to devise means for fabricating this large composite structure
which, by its very nature required new frame fabrication concepts.

The fabrication of the QCSEE composite frame was a cyclic manufactur-
ing process of bonding together numerous premolded graphite/epoxy parts
and then machining the required interfaces in preparation for the next bonding
cycle.

Since only two frames were to be fabricated, the fabrication process was
- designed to require a minimum amount of tooling, substituting hand benching
and machining in its place. Although this is counter to the approach that -
would be employed in a production situation, it was felt that this would
result in a lower overall cost in this case.

The frame was fabricated as two major sub—assemblies, the basic frame
structure and the fan casing.

The basic frame sub-assembly required the pre-fabrication of the three
wheels. that provide the frame backbone. The forward wheel was cured out
as one piece; however, the much larger mid and aft wheels were made up by
adhesively bonding together a great many precured pieces in a steam heated
press. The assembly of the pieces of such a wheel is shown in figure 6
and the completed wheel, just out of the press and prior to machining, can
be seen in figure 7.

After these wheels were complete, the frame assembly was initiated
by bonding the mid wheel to the aft wheel using pre-assembled honeycomb
box structures to space the wheels axially at both the outer rings and the
splitter rings.. The forward wheel was then added in the same fashion.
This assembled wheel structure is shown in figure 8.
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To complete this sub—assembly, the pre-cured sump cone was bonded in
placed as well as the pre-cured core strut skins and bypass vane skins.
With the addition of appropriate reinforcing structure this completed the
frame sub-assembly.

The outer casing subassembly was sequentiaily assembled on a male tool,
which was cylindricaloin shape, while the skins that went into this assembly
were pre-cured in 120  segments in a female tool.

The first step was to pre-cure the fan flowpath skins. This was the
surface requiring acoustic holes. These holes were laser drilled as shown
in figure 9. This skin was put on the male tool and the tip treatment
components bonded in place as shown in figure 10. A layer of aluminum
honeycomb of the proper depth for the acoustic requirements was then bonded
in place and a septem skin added to provide the back face of the acoustic
panel. The containment system was installed at this time. Another layer of
honeycomb was then added to obtain the proper casing depth. This completed
the basic structure of the fan casing sub-assembly, seen in figure 11, since
the outer skin would not be attached until the casing was assembled to the
basic frame.

At this point, the two major sub—assemblies were mated (fig. 12), the
fan casing outer diameter ground to the proper dimensions and the fan casing
outer skin bonded in place. This completed the frame structure. All pene-
trations into the core were sealed, instrumentation and services installed
and the frame painted. The completed frame is shown in figure 13 and 14.

TESTING

The fan frame was subjected to a series of static load tests to verify
the overall structural adequacy. (All loads tests to verify the overall re-
peated structural adequacy.) All loads were applied to the frame through a
simulated forward fan bearing cone and a simulated inlet. To simulate the
proper boundary conditions on the frame, it was bolted to a simulated core
engine. This assembly was then supported from the facility through the actual
engine mount locations (fig. 15). In addition to determining the actual frame
stiffnesses, the frame was tested to the loads imposed by the maximum oper=
ating thrust, thrust plus a 51.4 m/s (100 knot) cross wind and thrust plus the
unbalance due to one blade out. The frame survived these tests with no
damage and recorded stress levels were in good agreement with predictions.

The two composite fan frames built under this program were also, of
course, used throughout the engine test phase of both the UTW and OTW engine.
No structural problems resulted from these tests. Both the mount region and
the bypass vanes were instrumented and monitored during engine testing. The
indicated stress levels were very low but were in good -agreement with the
analysis for the conditions run.

The main problem encountered during engine operation was oil leakage
from the sump where adequate sealing of all the penetrations for lines and
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tubes could not be maintained. This problem was alleviated by filling the
core struts and other selected areas with adhesive to provide an external
'seal. This was done on the test stand. Secondary FOD.damage was also
repairable on the stand.

CONCLUSTONS

Based on the information generated by the QCSEE program, the following
conclusions have been reached as concern the use of graphite/epoxy for
engine frames:

o Composite construction shows promise for application to major engine
frames. It has been shown that these frames can take advantage of
some of the unique composite characteristics.

o The static tests of the frame verified the analysis and engine tests
were also in reasonable agreement.

e As the frame was actually built, it was difficult to fabricate. The
need for better part tooling and better assembly tooling was appar-
ent. In the future it should be more efficient to use fewer indi-
vidual pieces by more piece integration in the as molded conditionm.

o The sump area was difficult to seal ‘against oil leakage. The use of
a metal sump liner would be desiragble. '

COMPOSITE NACELLE

The other major area of composite application to static structure in
the QCSEE program was the flight type nacelle for the UTW engine. Virtually
everything shown in figure 16, except for the test facility and some tubing,
is constructed from advanced composite materials. In addition to the fan
frame, which was discussed above, the inlet, outer cowl, and the fan nozzle
can be seen. In addition, the inner cowl was also constructed of advanced
composite material. These can be seen in the cut-away drawing shown in
figure 17. ’

INLET

The inlet is of fairly conventional composite construction utilizing
Kevlar/epoxy skins on aluminum honeycomb core. The inner barrel comprises the
integral acoustic treatment with a 10% open area face sheet on the inner
flowpath. The depth of the honeycomb core on the inner barrel varies as dic-
tated by acoustic requirements. The porosity is molded into the face sheet
as it is cured, just as is now the practice in making CF6 fiberglass sound
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panels. The outer barrel is the primary load path. Both barrels are addi-
tionally supported by composite ring stiffeners. The leading edge was made
from glass/epoxy for the QCSEE demonstrator engine but would be titanium

for a flight engine due to anti-icing requirements. The critical inlet
loads result from a 3g stall in combination with a dynamic landing. Typical
stresses, deflections and margins of safety are shown in Table VI.

The inlet is attached to the fan casing by sixteen rotating latches.
These points are the only critical local loads applied to the inlet. As
such, a subcomponent test, see figure 18, was conducted of this area. The
latch housing failure was within 1% of the rated latch capability. Analysis
indicates that six comnsecutive latches would have to be open before failure
would occur at maximum load.

OUTER COWL AND FAN NOZZLE

Both of these components were fabricated in the same manner, using the
same materials. They are of full depth honeycomb sandwich construction with
the outer skin being Kevlar/epoxy, the core being aluminum honeycomb flex
core and the inner skin and structural rings graphite/epoxy. The only pur-
pose for the inner skins being graphite was because of the 15% to 20%Z porosity
required for acoustics. At that time, it was felt that this porosity could
best be obtained by laser drilling and the initial attempts at laser drill-
ing Kevlar/epoxy had not been as successful as laser drilling graphite/epoxy.

The pressure loading which designed these components is shown in fig-—
ure 19. Typical stresses resulting from this loading are shown in Table VII
along with the allowable stresses obtained from coupon testing. Several crit-
ical joint areas were also checked by subcomponent tests.

The fabrication of these components was reasonably straight forward,
both being built—up on male tooling. The outer cowl is shown ‘in Figure 20 as
the outer surface of the honeycomb is being machined prior to bonding on the
outer skin which is the last major operation. The nozzle actuator housing
pans can be seen as well as the tumnels for routing the hydraulics and sync
cables to the actuators. The completed outer cowl is shown in figure 21. The
piano hinge which attaches cowl to the pylon can be seen. The external fair-
ings for the actuators can also be noted.

The only difference in construction of the fan nozzle was in inclusion
of spring loaded seals in the ends of the nozzle flaps which sealed the flaps
against leakage in the forward flight nozzle position. These seals separated
when the nozzle was in the reverse thrust position as shown in figure 22. )
The most critical area in the outer cowl/fan nozzle system was the hinge
ring in the back end of the outer cowl which supports the fan nozzle. This
area was proof tested satisfactorily in the test shown in figure 23.
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INNER COWL

The most ambitious application of composites to the QCSEE nacelle type
hardware was in the area of the cowl where temperatures precluded the use
of the familiar reinforced epoxy materials. Even with a typical heat shield
installed, the operating temperature requirements were beyond epoxy capabili-
ties as shown in figure 24,

Based on this information, it was decided to employ the NASA developed
PMR 15 polyimide type resin system. This system not only met the tempera-
ture requirements but is relatively easy to process and produces low void
content laminates. Woven graphite T300 cloth was chosen as the reinforce-
ment because it provided the needed stiffness and was easier to fabricate
with than tape. This is particularly true when using the PMR system be-
causé of its lack of tack compared to expoxies. This material could also
be laser drilled to get the 15% to 25% porosity required for acoustic treat-
ment in this component. The HRH 327 fiberglass/polyimide core was used be-
cause of temperature considerations.

Using these materials, a core cowl design was developed which resulted
in a structure having typical ultimate calculated applied stresses shown
in Table VIII. The allowable stresses in that table were the result of
coupon tests. The completed core cowl is shown in figure 25. The steel aft
ring that forms the slip joint with the outer side of the core nozzle can
be seen as well as the hinges that attach the core cowl to the pylon. Each
half of the core cowl was fabricated in two pieces due to the size of the
laboratory autoclave. This would not be necessary in production. The
split line can also be seen in the photograph. An interior view of the
core is shown in figure 26. The flight weight core cowl would incorporate
a standoff steel heat shield in the aft portion of the cowl. This heat
shield was not built for the demonstrator engine, so a heat blanket was in-
stalled in its place and shop air dumped in in sufficient quantities to keep
the core cowl temperatures to the levels they would be if the heat shield
had been installed.

NACELLE TEST RESULTS

The nacelle components discussed above were run on the UTW engine with
the following results:

o No problems were encountered with the inlet.

o No problems were encountered With the inner core cowl.

o No problems were encountered with the outer cowl.

o No problems were encountered with the fan nozzle when it was

installed on the composite outer cowl, however, this nozzle
was also used on the boilerplate outer cowl where the hinge
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ring was bolted to the rear of the outer cowl rather than
being bonded in. This hinge ring, due to a poorly designed
bolted joint to the boilerplate outer cowl came off during
reverse testing terminating the boilerplate nacelle tests.

No environmental degradation was noted during engine operation.

CONCLUSIONS

Bdsed on the information presented above, the following conclusions
have been reached concerning the use of advanced composite materials in
‘engine nacelle hardware.

o

The program demonstrated the ability to design stiff, light, thin
nacelle structures utilizing composite materials.

Low temperature basic nacelle structures can be easily fabricated
using state-of-the~art techniques.

The PMR/graphite inner cowl provided a successful demonstration of
a new high temperature composite system.
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TABLE I. - FRAME LOADING CONDITIONS

e Operating
-~ Flight and Landing
~- Gust Load Plus Crosswind and Max Thrust
— Side Load — 4g Plus 1/3 of Gust Load

* Emergency

— Seizure — Decelerating From Max. Speed to Zero in One Second
— Crash — 9g Fwd, 2.25g Side, 4.5g Down,
" Max Thrust — 12g Fwd at Zero Thrust
-- Blade Out ~— Loss of Five Adjacent Composite Fan Blades at Max. RPM

TABLE 1II. - GEOMETRY OF COMPOSITE FRAME COMPONENTS

Material Type-AS Graphite/3501 Epoxy

{tem Layup Conf. 0° Datum
0° + 45° 80°

Forward “Wheel” 50% 20% 30% Radial
Middle “Wheel” and Aft 30% 20% 50% Radiat
Nacelle Panel 28.5% 57% 14.5% Axial-
Bypass Vane Panel 40% 40% 20% - Radial
Bypass Vane Spoke 80% 20% 0% Radial
Bypass Vane Outer Ring 30%  20%  50% Radial
Core Vane Panel. 25%  50%  25% Axial

' 40% 40% 20% Axial
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TABLE III. - FRAME COMPONENT STRESSES

Load
Condition

5 Airfoils Out

5 Airfoils Out

Critical Flight

5 Airfoils Out

Critical Flight

Location

Forward “Wheel” Hub Ring  (54,000) -
Forward “Wheel” Spoke

Bypass Vane Panel

Core Panel

Nacelle Panel

Design
Calculated Stress
Stress Allowable
N/em? (psi)  N/cm? (psi)
- 37,230 42,750
(62,000)
53,570 65,500
(77,700)  (95,000)
40,920 57,230
(59,349) (83,000)
8600 17,240
(12,471)  (25,000)
12,700 27,580
(18,417) (40,000)

TABLE IV. - EFFECT OF DIFFERENT THERMAL COEFFICIENTS .

. Thermal Total Ring Allowable
a{RING — G/E) a(BRG — T 6-4) Stress Stress Stress
cm/cm/°K x 108 cm/cm/°K x 106 N/ecm? Nem?  N/em?

Ring (in/in/°F x 10°6) (in/in/°F x 10-6) (psi) (psi) (psi)
4.5 8.46 2070 39,300 42,700
FWD HUB {2.5) (4.7) (30600) {(57,000) (62,000)
2.34 8.46 4830 25,500 ) ‘60,000
MID HUB (1.3) (4.7) (7000) (37,000) (87,000)
2.34 ‘ 8.46 4830 18,600 - '60,000
AFT HUB (1.3) (4.7) (7000) (27,000) (87,000)
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TABLE V, - SUBCOMPONENT TEST RESULTS

Type Location ' Required Test
Core Strut/Ring FWD 177,900 N ' 245530 N
(40,000 ib) {55,200 !b)
Core Strut/Ring MID 214,000 N 298,000 N
(48,100 1b) (67,000 ib)
Core Strut/Ring AFT 20,000 N 105,000 N
: (4,500 ib) (23,700 ib)
. Core Strut/Ring FWD 128,800 cmN 165,000 cmN
{Bending) o (11,400 in.-Ib) (14,600 in.-Ib)
Core Ring FWD 18,080 ¢miN 427,140 cmN
(1.D. in Comip.) 1,600 in.-Ib 37,800 in.-ib)

TABLE VI. - INLET STRESSES AND DEFLECTIONS AT
MAXIMUM LOAD CONDITION

3g Stall Plus Dynamic Landing

Stress

Calculated Allowable ‘ Detiection
} N/cm? N/em? Safety cm
Type ’ (psi) {psi) Factor - (in.)
Compression 1400 12,377 7.8 0.058
(2034) (17,950) {0.023)
~Tension 1583 27,097 16.1
(2296) (39,30Q)
Shear 378 6033 14.1 0.414
(584) (8750) {0.163)
Burst 1806 27,097 14.0
(2620) (39,300)
Crush 3910 12,377 2.2
(5672) (17,950)
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TABLE VII. - TYPICAL OUTER COWL STRESSES

- Component Mode
Outer Skin ‘Buckling
":Vlr?orw"ar;i Ring e Compression
- Aft Ring Bending
vPiano Hinge Fa;t. ’ Bearing

Calculated
Stress/Load

Allowable

18,450 N/cm?

(26,760 psi) ’

165 N/cm?
(240 psi)

23,277 N/em?

(33,760 psi)

10,782 N
(2,424 1b)

Stress/Load
45,330 N/cm?
(65,740 psl)

910 N/cm?
(1320 pst)

77,221 N/cm?
(112,000 psi)

52,698 N
(11,847 1b)

TABLE VIII. -~ TYPICAL CORE COWL STRESSES

Load Condition Component

___Forward Thrust  Outer Face Sheet
Tension

‘Reverse Thrust Outer Face Sheét-
Compression -

Forward Thrust Inner Face Shéel'
' Compression

Ultimate Allowable
Calc. Stress Stress
N/em? (psi) N/cm2 (psi)

8480 19,240
1(12,300) (27,900)

- 2290 12,480

(3329) (18,100)

11,420 29,990

(93,500)

(16,560)
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QCSEE Composite Frame
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~ Assembled Wheel Structure

Figure 9
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_ Fan Casing Fabrication
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Figure 13
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Figure 16

Composite Applications
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Inlet-to-Frame Attachment Test
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Figure 20

| ,.ComplteOue, Cowl

Figure 21
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Figure.23: .-~ -t
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Inner Core Cowl Estimated Temperatures
Heat Shield Installed
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Completed Core Cowl

Figure 25
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Core Cowl Interior View
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QCSEE COMPOSITE FAN BLADE DESIGN
R.G. Stabrylla

General Electric Company
Cincinnati, Ohio

INTRODUCTION

This paper will cover the composite fan blades used in the Under the Wing
experimental engine. The following subjects are included:

o The background which led to the selection of domposite materials for
the fan blade application.

o The blade aerodynamic and mechanical design requirements.
o The blade mechanical and structural characteristics.

o The blade performance in the UTW experimental engine.

o The conclusion reached about the composite fan blades.

Although these blades did not meet all of the design goals originally set,
they did perform acceptably in the engine.

DESIGN REQUIREMENTS

The mechanical design and materials selected for the UIW fan blades were
dictated by the requirements associated with variable-pitch capability. The
blades had to be capable of a very large angle of rotation over the whole en-
gine speed range. To allow blade rotation the number of blades in the stage
and their chord lengths had to be kept small so they could pass each other with
no interference. To allow actuation of these blades at high rotor speeds with
reasonable actuation forces, the blades had to be very light. To allow accept~
able elastic stability with the blade geometry dictated by the variable-pitch-
capability, the materials required very high specific stiffness and strength to
density ratios. Composite materials, made up of graphite, S-glass, Kevlar and
boron fibers in an epoxy matrix material have these characteristic properties.

Figure 1 indicates the effects of the VP requirement on fan blade geome~-
try. On the left is a picture of the VP UIW fan, on the right is a picture of
the OTW fan which did not have a VP requirement. Note the wide spaces between
the UIW bladés. This fan rotor has 18 blades whose root chord length is 14.7
cm (5.8 in.) compared to 28 blades with root chords of 20 ecm (7.87 in.) used
in the OTW rotor. Both blades were originally designed to use composite ma-
terials. The UTW blades weighed 43.3 kg (95.4 1b) while the composite OTW
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blades weighed 55.3 kg (122 1b). The OTW blades used in the experimental en-
gine were fabricated from titanium.

The aerodynamic design requirements for the UIW fan blades are shown in
table I, Note that the airfoil solidity is less than 1.0 at all radial sec~""
tions. ;

The mechanical design requirements of the fan blade fall into two major
categories: wvariable pitch and structural integrity. Those requirements
associated with variable pitch are uniquely the result of the need to be able
to rotate the blades. For the UTW application, the blades had to be capable
of rotation from the flat pitch to the stall pitch position which encompassed
a blade rotation of over 170°. Obviously, to accomplish any rotation, shrouds
could not be used. Finally, in order to be able to rotate the blades over the
engine rotor full speed range with reasonable actuation forces, the blade
weight had to be limited to less than 2.5 kg (5.5 1b) each. The actual blade
weight was 2.4 kg (5.3 1b).

The design requirements associated with structural integrity are defined
based on GE blade design practices and the engine's mission application. They
encompass vibrational and steady state stresses, fatigue, FOD resistance, and
maintainability considerations.

o The design and materials selected for the blade are primarly dic-
tated by the aeromechanical stability requirements. This is to avoid
exciting blade natural frequencies by forcing functions due to aero-
dynamic flow.

o Short~term steady state structural margin is defined as the capacity
to operate the blade at 141% speed with no failure. (This repre-
sents a load factor of 2.) Thus, all blade stresses at this condi-
tion must be less than ultimate.

o The blade must be capable of infinite high cycle fatigue life (>106
cycles) and have a low cycle capability of 48,000 engine starts. For
aircraft use, the blades must pass the FAA certification test which
defines bird strike tolerance limits. Finally, from an economic
standpoint, the blade design must exhibit easy maintenance features
such as replacement on-the-wing.

DESIGN DESCRIPTION

Figure 2 describes the design features of the composite blade. The air-
foil and dovetail are fabricated from a number of 0.25 cm (0.010 in.) thick
plies of composite pre-impregnated fibers which are cut out to various shapes
and carefully layed up to satisfy the blade geometric requirements. These
plies are of several different materials and are oriented in 0°, $45° and
90° directions to give the blade the directional strengths and stiffnesses
needed. These plies are laid up in a die and pressed in a carefully con-
trolled time-temperature-pressure cycle. The leading edge is nickel plated
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to improve the blade's erosion and FOD characteristics. The nickel is plated
onto a stainless steel wire mesh which is bonded to the airfoil in a secondary
operation. The remaining area of the airfoil is coated with a thin layer of
polyurethane to reduce erosion due to dust, sand, and water. The platform,
which forms part of the inner annulus flowpath, is round to allow blade ro~
tation and still maintain a smooth inner flowpath for the air. The composite
dovetail is bell-shaped and is encased in a 7075~T6 aluminum outsert. The
outsert is cylindrical in shape and allows the blade to rotate during bird
impacts thus reducing the stresses in the blade root. The purpose of this
feature is to eliminate breaking the blade off at the root during foreign
object impact.

Figure 3 shows half of the composite material plies that make up the
blade. Four different materials are used in the blade. Note that the shape
of each ply is different. Also shown are the proportions of the various ma-
terial's used. The overall fiber volume fraction is 60%.

The platform is an integral part of the blade as shown in figure 4. It
is put on the blade in a secondary operation. The round flowpath portion is
made up of a number of graphite-epoxy plies bonded to the airfoil. The flow-
path piece is supported by a lower face sheet also made up of graphite-epoxy.
An aluminum honeycomb core is sandwiched between the flowpath and lower face
sheets for stiffness. Finally, a leading edge strap of graphite-epoxy is put
all-around the lower face sheet. The purpose of this strap is to hold the
platform onto the blade in the event the shear bond fails. It is really a
safety bandage.

The natural frequency characteristics of the blade/disk are shown on the
Campbell diagram (fig. 5) as a function of fan speed. The blade was sized to
satisfy aeroelastic stability criteria. This required the level of first tor-
sional frequency shown. The second requirement was to have a good separation
between the blade natural frequencies and all excitation lines at the 100%
speed condition, which we do. The third goal was to have the first flex natu-
ral frequency above the 2/rev excitation line. This could not be done within
the other design requirements, thus the first flex frequency was set to cross
the 2/rev excitation line at about 67% speed which is a transient condition.
During engine testing, it was found that stresses exceeded scope limits at
the first flex 2/rev cross—over condition. The OTW blade also had a cross-—
over of its first flex with the 2/rev excitation line but because the longer
blade hub chord length and the higher fatigue strength of titanium, the
stresses were well below scope.

The Goodman diagram (fig. 6) was constructed using blade and specimen
test data. The allowable curve is defined as 85% of test data. The test
data was based on no delamination of specimens and blades for 106 cycles.
Thus, this diagram represents a very conservative estimate relative to Goodman
./dlagrams used for metals which are based on material fracture. For engine
testing, the scope limits were set at 8.5 ksi to account for blade-to-blade
variations, electronic errors, etc. Thus, during engine testing our scope
limits were very conservative. During testing, scope limits were exceeded
significantly a number of times, however, no delaminations have been found
in the blades.
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FOD RESISTANCE

The initial intent of the blade development effort was to develop a de~
sign that satisfied foreign object damage requirements..: The FAA requirements
for bird impacts are shown in table II. In addition, the more stringent GE
goals are shown. GE's requirements are moxe demandlng iin the area of small
birds. The ratlonale for the GE goals are based on, experlence with tltanlum
blades and economics.

The FOD resistance of the preliminary blade design was evaluated in a
whirligig impact facility (fig. 7). 1In these tests, the blades are rotated
and a simulated RTV bird is injected into the path of the blade.

The results of one of the two tests performed is shown in figure 8.
Blade serial number QP005 was impacted at simulated aircraft take off condi-
tions with a 0.907 kg (2.0 1b) bird. The test conditions simulated an impact
at the blade 80% span location for an aircraft forward velocity of 41.2 m/s
(80 knots.) The bird to blade relative velocity was 275 m/s (904'/sec), the
incidence angle was 33°, and the weight of the bird slice was 0.227 kg
1/2 1b). The blade did not break at the root. Keyhole rotation was noted in
the movies. Post~test inspection of the blade showed it had lost 7% of its
weight and approximately 90% of the airfoil was delaminated. Based on this
result, it was concluded that the UTIW composite fan blade design would not
satisfy the FAA FOD requirements. Further, it was decided not to pursue the
development of the FOD resistant design for the engine demonstration.

ENGINE TEST RESULTS

The blades performed acceptably during experimental engine test. The
steady state stress levels were low and there were no indications of torsion-
al instability. The only problems encountered were that the blade vibratory
stress levels exceeded scope limits at the 2 per rev/first flex cross-over
and high first flex vibratory stresses were also noted due to crosswind and
tail wind test conditions at speeds above the 2/rev crossover. It should be
pointed out that the scope limits defined for the composite blade were very
conservative and no blade delamination occurred. Further, the titanium
blades were also excited by crosswinds and tail winds.

In conclusion, the VP design required lightweight blades, the QCSEE com-
posite blade is acceptable for experimental ground test only based on its
lack of bird FOD resistance. Subsequent developments of other programs have
identified candidate materials that could possibly solve this problem, how-
ever, none of this work has been completed to date. Some of these material
candidates are:

0 Stitched or multidirectional weave polymerics

o Superhybrid
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o Boron aluminum
o Hollow titanium
o Titanium matrix composites

In summary, the variable pitch fan imposed more stringent design require-
ments on the blade design which require use of lightweight designs.
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