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1.0 SUMMARY

Approximately 50 hours of engine operation were completed on the initial
buildup of the QCSEE UTW engine. In addition to aeroperformance mapping, a
great deal of operational experience was acquired with the many new technology
elements of the propulsion system. Mechanical observations and problems
encountered during Buildup No. 1 testing are summarized as follows:

1.1 SYSTEM DYNAMICS

The overall vibratory response of the UTW propulsion system was found to
be within acceptable limits for normal engine operation. Low pressure rotor
synchronous response in the subidle region was higher than predicted, necessi-
tating avoidance of steady-state operation at certain speeds.

.:? COMPOSITE FAN BLADES

The natural frequencies and steady-state levels measured during engine
test agreed closely with predicted values. Dynamic stress levels exceeded
scope limits on several occasions. These instances were asgociated with the
region of first-flex 2/rev crossover and were sensitive to crosswind. By
avoiding steady-state operation in the critical speed range, the blades were
satisfactory for ground testing. However, further development and design
modification of the composite blades are required to make them fully
operational.

1.3 REDUCTION GEAR

The UTW main reduction gear operated very satisfactorily throughout the
test. Measured stresses and bearing temperatures remained within established
limits at all times. Posttest inspection revealed that the gears were in
excellent condition. Star gear bearings showed minor distress from debris
damage and evidence of skidding on two of the inner races. All parts were
judged suitable for further service.

1.4 LUBE AND ACCESSORY DRIVE SYSTEM

Initial testing was delayed by oil leakage from several areas of the
composite frame sump. To permit testing to continue, a shop air-powered
eductor was employed to reduce the sump pressure slightly below ambient.

The eductor was connected to the air-oil separator on the accessory gearbox.
Although not fully understood at the time, the eductor drew air upward through
the AGB scavenge tubes, interfering with normal oil scavenging. In addition,
the original design of gear baffles was less than optimum, with a result that
the AGB was flooded with oil, causing excessive temperatures. An additional
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scavenge pickup tube was added to the AGB with an external pump to return the
scavenge oil to the tank, This setup was used for the remainder of Buildup

No. 1 tasting. Rig testing has now demonstrated that the gearbox will scavenge
satisfactorily for future testing with proper baffles and without the eductor.

1.5 FAN FRAME

Leakage problems were encountered during buildup in the fan frame sump
region. These problems were associated with penetrations into the composite
sump wall by metal lube and instrumentation tubes. The leaks were stopped
by coating the inside of the sump with Dow Corning DC 94-009 fluorosilicone
rubber.

During engine test, an oil leak developed from an inaccessible area of
the scavenge duct due to a cear in the coating. This leak allowed oil to
get into the six o'clock rore strut and thence into the fan flowpath. The
leak was stopped by filling the core struts and splitter leading edge cavity
with Furane 9210 adhesive.

No structusal or stress problems were encountered with the composite fan
frame.

1.6 INLET

Cracks in some of the attachment bosses in the hardwall insert panels
immediately in front of the fan occurred during the test. This failure was
attributed to a combination of poor fit-up of the ranels, inadequate welds
retaining the mounting bosses in the boilerplate adapter, and a hostile
vibratory environment. Replacement panels were made of solid aluminum, re-
placing the original honeycomb panels, and the adapter was weld-repaired to
allow continued testing.

1.7 CORE COWL COOLING

The boilerplate core cowl was cooled with shop air, and thermocouple
data verified that temperatures were consistent with design values,

1.8 YAN EXHAUST NOZZLE

During initial reverse thrust testing, the fan exhaust nozzle mounting
ring failed. This ring was a graphite/epoxy crmposite channel to which the
nozzle flap hinges werce mounted. The ring was designed to be bonded to the
inner and outer skins of the compousite fan cowl doors; however, in the beiler-
plate {nstallation, the ring halves were bulted to the cowl doors.

The failure consisted of the ring quadrant holding the lower-right nozzle
flap pulling loose from the cowl door and permitting the flap and associated

*



hardware to be ingested by the engine. Secondary damage resulted to all fan

blades, th: fan frame, and several acoustic panels.
The primary cause of tine failure was an inadequately designed bolted

joint having insufficient bearirg and shear area under the bolt heads. The
failure resulted in premature termination of Buildup No. 1 testing.

1.9 DIGITAL CONTROL SYSTEM

All engine testing was done in the manual-control mode, in which the
operator commanded fan speed (fuel flow), fan pitch, and fan exhaust nozzle
area. These variables were controlled accurately and stably. Safety over-
rides were also demonstrated, limiting T41C and core speed.

Several nuisance problems were encountered In setting the fan pitch.
The most troublesome of these was occasional unplanned closure of the fan
blades to the limit switch setting (+14‘). The cause has not yet been
definitely established but is believed to be a fault in the analog-tu-
digital multiplexer. The control modules will be modified tu correct this
problem prior to further testing.
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2.0 1INTRUDUCTION

The General Electric Company currently is engaged in the Quiet, Clean,
Short-Haul Experimental Engine Program (QCSEE) under Contract NAS3-18021 to
the NASA Lewis Research Center. The under-the-wing (UTW) experimental
engine was designed and built under the program to develop and demonstrate
technology applicable to engines for futvre commercial shorthaul turbofan
aircraft,

The initial buildup of the UTW engine and boilersiate nncelle was tested
at Gencral Electric, Pecbles, Ohio Outdoor Test Site 4D during the period
from September 2 through December 17, 1976, 1nitial testing included a
mechanical and systems checkout with hardwall acoustic panels and a bellmouth
inlet. Performance data were then taken over a range of speeds, exhaust
nozzle areas, and fan blade angles. This phase of testing provided data in
the range of takcoff and approach operating conditions to explore “uninstalled"
performance with minimal loss of ram recovery. 1In addition, fan performance
characteristics were mapped over a limited range of blade settings.

The inlet tuen was changed to the boilerplate high Mach number desipn
to investigate installed performance with real ram recovery losses. Points
were repeated at takeo!t and approach operating conditions.

Initial reverse thrust testing was attempted by transitioning the blades
to the reverse setting (through stall pitch) while motoring on the start r.
The engine then was fired in the reverse mode and operated to higher speeds.
During this phase of testing, the exhaust nozzle support ring failed,
allowing one nozale flap and assoclated hardware to be ingested by the
engine,  This failure resulted in a premature conclusion of the test before
much of the desired reverse mode and acoustic data could be acquired.

This volume of the propulsion system test report inclodes a detailed
discussion of mechanical performance of the engine with cuphasis on the
advanced technology components.




Bk ool abatiic) [ R rorrmmem— i glkhsekii ol e Rttt e i
B.5 e ™ i -

3.0 SYSTEM DYNAMICS

The overall vibration response characteristics of the QCSEE UTW engine
were found to be within acceptable limits for normal engine operation.
Twenty vibration sensors were used to measure the engine response.

The synchronous vibration levels for both the LP and HP rotor activities
were very low. In general, the levels were less than 0.00254 cm (1 mil)
double amplit:'de (DA), which is consistent with the predicted system behavior.
This indicates that the LP and HP rotor systems were well-balanced.

The fan synchronous vibration levels also were low for most of the fan
operating range. However, the near-idle fan activity was higher than
expected. In particular, the horizontal pickup for the No. 2 bearing
housing (front bearing for the LP shaft) had 0.0216 cm (8.5 mils) DA fan
1l/rev at 1300 rpm. In addition, the reduction gear horizontal sensor had
0.0188 cm (7.4 mils) DA fan 1l/rev at 1800 rpm. The fan synchronous vibra-
tion levels for the other sensors generally were less than 00,0102 cm (4
mils) DA for the normal operating range (see Table 1).

It should be emphasized that Table 1 is a compilation of the maximum
levels experienced for all the testing. It includes peak values recorded
during transient as well as steady-state levels. Presented in Table 2
is a list of some typical 1/rev fan synchronous vibration readings which
indicate lower levels at certain steady-state conditions.

s
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4.0 COMPOSITE FAN BLADES

4.1 BLADE DESCRIPTION

The blades incorporated in the UTW fan rotor are a variable-pitch design
that offers full reverse thrust capability. The design includes 18 composite
fan blades fabricated from a hybrid combination of Kevlar 49, AS graphite,
boron, and S-glass fibers in a PR288 epoxy resin matrix. The blades incor-
porate a metal leading edge to provide FOD (foreign object damage) and ero-
sion protection. Solidity of the blade airfoil is 0.95 at the OD and 0.98 at
the ID, permitting rotation of the blades into the reverse thrust mode of
operation through both the flat-pitch and ,t-11-pitch directions. A spher-
ical casing redius and a spherical blade tip provide close blade tip clear-
ances throughout the range of blade pitch angle settings. Each blade is
attached by a dovetail to a rotor trunnion at the blade's root. The trun-
nions are retained in the disk by ball bearings. Retainer straps, attached
to the trunnion, lock the blade in axial position and resist trunnion opening
deflections under blade centrifugal loading.

Design requirements for the UTW composite fan blade were established to
provide realistic long-life operation or a flight engine. Design details are
provided in Reference 1. Results of bench and whirligig testing showing that
the blades have satisfactory margins for the structural and aeromechanical
requirements of the engine are provided in Reference 2.

The finished composite fan blade is shown in Figure 1. It consists of a
molded composite blade, a molded composite platform, and a metal outsert on
the dovetail. The blade is made up of a solid composite airfoil and a straight
bell-shaped composite dovetail. The blade has a reduced leading edge thick-
ness to allow a final coating of wire mesh/nickel plate for leading edge
protection within the final aerodynamic contour. The dovetail is undercut at
the leading and trailing edges to permit better transitioning of the cambered
airfoil section into the straight dovetail to match the rotor trunnion con-
figuration.

The blade is made up of 0.25-mm (0.010-in.) plies of Kevlar 49, AS
graphite, boron, and S-glass fibers impregnated with PR288 epoxy resin. The
S-glass plies are placed near the surface in the lower region of the blade to
provide high tensile strength and high strain-to-failure characteristics for
flexural loading. Boron and graphite torsional stiffening plies in the
airfoil region of the blade are oriented at *45° to provide the shear modulus
required for a high first-torsional frequency. The boron plies are placed
toward the outer surface and graphite in the inner regions. Plies of Kevlar
49 are interspersed throughout the blade with the majority of them being
oriented with their fibers in the longitudinal direction of the blade.
Several Kevlar 49 plies in the tip region of the blade are oriented at 90° to
the longitudinal axis to provide chordwise strength and stiffness to the
blade. All airfoil plies extend continuously down into th: dovetail and are
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Figure 1. QCSEE uTw Composite Blade with Platform (C76011062).
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interspersed with insert plies which act to fill csut tlte enlarged dovetail
cross section.

The composite platform is a tapered beam, cantilevered from the blade
root, and consists of a honeycomb core stabilized by upper and lower graphite/
epoxy face sheets. The platform is molded and bonded in place on the blade
forming a one-piece structure. Structural plies extend around the blade root
leading and trailing edge undercuts, entrapping the platform beneath the
airfoil overhangs. The platform construction is shown in Figure 2, and the
overall blade dimensions and configuration are shown in Figure 3.

4,2 PRETEST PREDICTIONS

The blade stress and vibratccy characteristics were determined from a
three-dimension finite-element analysis, blade bench testing, and single-
blade spin testing. Figure 4 is a map of calculated radial steady-state
stresses for the concave and convex blade faces, and Figures 5, 6, and 7 show
calculated relative radial stresses over the blade for the first three vibra-
tory modes. The maps of relative radial stresses under vibratory conditions
show the changes in stress locations for the different vibratory modes.

Blade bench and whirligig test data agreed closely with these predictions.

Blade vibratory strengths were determined from specimen and QCSEE blade
tests and are shown on the fatigue S-N curve (Figure 8), and the fatigue
stress-range diagram (Figure 9). The fatigue S-N curve shows the maximum
blade stress for various numbers of flexural cycles that will cause the blade
to initiate delamination and cause loss of blade frequency. The upper curve
gives the minimum strength of the composite material based on flat specimen,
axial-axial fatigue testing. The allowable blade fatigue strength was based
on the material minimum-strength curve and blade high-cycle-fatigue test
data. It includes allowance for three standard deviations of strength prop-
erty variation. The lower curve defines the stress limits for engine testing
and was determined using various factors which are discussed under "scope
limits". The fatigue stress-range diagram shows the allowable radial alter-
nating stress as a furction of the blade mean stress. The allowable stress
levels for this curve were selected as the point on the S-N curve for allow-
able blade stress where no loss in frequency would occur after 1,000,000
flexural cycles with allowance for 3 standard deviations of material property
variation. Measured strains in the blade radial (spanwise) direction along
with a material modulus of elasticity of 6.9 x 106 N/cm2 (10 x 106 psi), were
used to calculate all stresses and strengths. This approach provided a
consistent basis for setting scope limits, gage monitoring, and comparing
stresses during the various phases of blade testing. Blade "instability" or
"limit cycle variation" was a primary consideration in the blade design.
Detailed discussion of this is covered in Reference 1.

Critical speeds of the coupled blade/trunnion/disk system were calcu-

lated and plotted in the form of a Campbell diagram. The predicted criticals
are discussed and compared to engine test data in a subsequent paragraph.
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4.3 BLADE INSTRUMENTATION AND SCOPE LIMITS

Six of the fan blades were instrumented with a total of four static
strain gages and 14 dynamic strain gages with locations on the blade as shown
in Figures 10, 11, and 12. The static gages were placed to measure the
steady-state and bending stresses in the lower airfoil and root region of the
blade to permit monitoring blade stresses during the test and to verify th.
predicted steady-state stress distribution. Each of these static zages h.d
an adjacent skin thermocouple to allow accurate temperature compensation.

The steady-state stress pattern was determined by the TAMP finite-clement
analysis and by laboratory test.

The 14 dynamic gages were located at five different locations on the
blades to provide a balance between having commonality of gages, .ir 7ing gages
at different strain levels for gage-life considerations, havir: gages re-
sponsive to the different vibratory modes, and providing veri.icat .on of the
vibratory stress distributions on the blades during engine tes.. As with the
steady-state stresses, the vibratory stress patterns for the blade vibratory
modes were determined by finite-element analysis and by labcratory tests.

The blade strain gage locations were selected so that at least one of the
locations would be responsive to blade vibration in each of the five lower
blade modes.

"Scope limits" or vibratory stress limits for these gages were calcu-
lated for each of the lower-blade modes. These limits normally represent the
maximum vibratory stress at which the blade may be allowed to continuously
vibrate without initiating a fatigue failure at some location on the blade.
This point where the fatigue crack would be initiated is referred to as the
"eritical location" and is different for each vibratory mode. In the QCSEE
composite blades, the fatigue failure mode wculd be an internal delamination
which would result in a drop in blade material frequency rather than the
usual fatigue crack.

The critical location and the fatigue strength normally depend upon both
the steady-state and vibratory stresses; since the blade steady-state stress
pattern ircreases roughly with the speed squared, the scope limits normally
would be calculated as a function of fan speed. However, over the range of
steady-state stresses anticipated for the QCSEE blade, the composite material
fatigue strength is insensitive to the level of steady-state stress, i.e.,
is constant. The scope limits, therefore. can be considered independent of
fan speed over the cperating range.

Another complication encountered in calculating scope limits for an
adjustable-pitch fan is that the steady-state stress pattern is also a func-
tion of the blade pitch angle. This is because the aerodynamic blade loading
and the twisting moment generated by the radial centrifugal field are pitch-
angle-dependent. The effect of these changes on the blade steady-state
stress pattern is not insignificant for a fan to be tested in a pitch angle
range of approximately 180°. Technically, correct blade scope limits nor-
maily would require the calculating of a carpet-of-values as a function of
both speed and pitch angle. Again, it was not necessary to take this approach

19
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Figure 10, Locations of Fan Blade Instrumentation,
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Figure 11, Locations of Fan Blade Instrumentation.

21




/—' SD8:0813
TK830821
558830815

S0830814j
Blade S/N Q27 (Slot 15)

55830818 SD830216
SD830817
TK830822

Blade S/N Q23 (Slot 16)

Convex Side Concave Side

Figure 12, Locations of Fan Blade Instrumentation.

22




since the composite-blade fatigue limit is independent of the steady-state
stress patterns. The fatigue limit diagram used was the average fatigue
limit curve minus three standard deviations which represents the minimum
expected material properties.

With the critical point located, the allowable vibratory stress at this
location available, and the vibratory stress pattern known, the scope limit

for a particular airfoil strain gage may be calculated using the following
equation:

2 (0 Gage/o Critical Point) ce

K\ KoKy

Scope Limit =

where

0e = The single-amplitude endurance limit at the critical
point on the blade in this vibratory mode as determined
by the Fatigue Limit Diagram for the blade material.

g _gage
o critical point

= The ratio of the vibratory stress at the location
of the strain gage to the vibratory stress at the
critical point on the blade for the vibration mode
being considered.

K1 = A blade-to-blade vibratory response variation allow-
ance factor (1.3 based on past experience).

K2 = A factor for allowance for tolerance in the strain
gage electronics circuit (1.05).

K3

An allowance for the sensitivity of the monitoring
gage to slight changes in mode shape, such as might
be expected due to manufacturing tolerance, 0.32 cm
(1/8 in.) gage mislocation, etc. (1.22).

It is easier in practice to read a vibratory stress signal on an
oscilloscope from the peak-to-peak of the wave rather than its ampiitude.
Scope limits, therefore, normally are calculated in this manner. This peak-to-
peak or double-amplitude met<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>