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FOREWORD

This report presents the results of the full-scale fan test and data analysis_

performed by the General Electric Company for the National Aeronautics and

Space Administration, Lewis Research Center under Contract NAS3-20643. This

work was performed as part of the Aircraft Energy Efficiency Program, Energy

Efficient Engine Project. Mr. C.C. Ciepluch is the NASA Project Manager

and Mr. P.G. Batterton is the NASA Assistant Project Manager. Mr. R.D.

Hager is the NASA Project Engineer responsible for managing the effort asso-

ciated with the fan component performance and analysis presented in this

report. Mr. R.W. Bucy is the Manager of the Energy Efficient Engine Pro-

ject for the General Electric Company.. This report was prepared by Messrs.

S.J. Cline, P.H. Halter, J.T. Kutney, Jr, and T.J. Sullivan of the General

Electric Company, Evendale, Ohio.
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SECTION I

INTRODUCTION AND SUMMARY

The fan configuration for the General Electric/NASA Energy Efficient

Engine was selected following an extensive preliminary design study of alter-

nate designs. The final design configuration, shown in Figure I and described

in-detail in Reference I, was found to give the lowest mission fuel-burn and

direct operating cost of all those studied. As shown in Figure I, the E3 fan

configuration uses a quarter-stage booster to provide the required core super-

charging. This type of design was chosen over a single-stage rotor with a

higher tip speed and a more highly loaded hub because of its higher core-stream

efficiency potential and its easier growth path for future engine development.

The fan bypass stream also has a higher efficiency potential by reason of the

lower fan speed. Additionally, the quarter-stage island arrangement provides

an excellent means for separating foreign objects from the core flow.

The fan has an inlet radius ratio of 0.342 and a specific flow rate of

208.9 Kg/sec-M 2 (42.8 Ibm/sec-ft2). The design corrected tip speed is

411.5 m/sec (1350 ft/sec) producing a bypass flow total-pressure ratio of

1.65 and core flow total-pressure ratio of 1.67. The quarter-stage island

splits the total fan flow so that approximately 22% of the total flow is super-

charged by the quarter-stage rotor. Downstream of the booster rotor, the flow

is further split with 42% of the booster flow re-entering the bypass stream and

the remaining flow directed through the innner outlet guide vanes and the tran-

sition duct into the core. The aerodynamic design point corresponds to the

maximum climb power setting at Mach 0.80 and 10.67 km (35,000 feet) altitude.

The design bypass ratio is 6.8.

The fully-instrumented fan component was tested in the General Electric

Large Fan Test Facility in Lynn, Massachusetts from September to November 1981.

A total of 276 aerodynamic performance readings were taken during 81.6 hours

of testing. The fan was stalled 14 times to determine the stall margin at key

cycle operating conditions. Steady-state performance readings were taken on

II speedlines from a very low operating line to near stall. Large swings in
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bypass ratio were demonstrated at the 90% and 95% corrected speeds with

steady-state readings taken at bypass ratios ranging from 4 to 13.

The overall performance results showed excellent fan performance with the

fan exceeding all of its component test goals of flow, efficiency and stall

margin. At the max climb aerodynamic design point, the fan bypass momentum

averaged, adiabatic efficiency was 0.886, 1.7 points higher than the component

goal. The measured airflow was 1.4% higher than design at 100% corrected

speed; the design airflow was reached at 97.5% speed. The stall margin was

3-5% higher than the target with 15% constant-flow margin demonstrated at the

takeoff condition. The core-stream mass-averaged adiabatic efficiency was

between 0.890 and 0.900 all along the cruise operating line for engine-matched

bypass ratios. At the maximum cruise condition, the measured core-stream adia-

batic efficiency was 0.892, 1.7 points higher than the test goal. The quarter-

stage stall margin was found to be adequate for stable engine operation.

Rotating stalls occurred when throttling the core-stream to very high bypass

ratios with the quarter-stage rotor operating approximately 10% above the pre-

dicted stall line. An unintentional stall occured at 100% speed with the fan

and quarter-stage both operating near stall. The stall was found to have been

caused by the quarter-stage rotor when the core-stream was throttled to a very

high bypass ratio.

The vibratory response levels of the fan and quarter-stage rotor blades

were very low during normal fan test operation. Normal fan operation produced

a maximum fan blade response of 21 percent of limits and a quarter-stage

response of only 17 percent of limits. The highest stress levels seen during

a stall were 50 percent of limits for the fan blade and 65 percent of limits

for the quarter-stage blade.

The fan stator airfoils also showed low stress levels throughout the fan

test. The maximum percent of limits (77%) was observed on the core OGV at a

speed of 3732 rpm. Below 3500 rpm, the core OGV's exhibited very little

response. The bypass vane showed extremely low excitations at all fan speeds.

The full-scale fan test was completed with acceptable synchronous vibra-

tion levels throughout the entire speed range following a successful field

balance of the Stage i fan rotor.



SECTION II

INSTRUMENTATION AND TEST CONFIGURATION

A cross-section drawing showing the design flow stream-lines of the

instrumented test rig flowpath is shown in Figure 2. A cross-section of the

bellmouth, inlet and exit ducts, and the test vehicle are also shown, as well

as the aerodynamic instrumentation plane definition.

The.main aerodynamic instrumentation planes used for defining the overall

fan performance are:

Inlet Screen (Plane 2)

Inlet Plane (Plane I0)

Bypass OGV exit _Plane 14)

Core OGV exit (Plane 23)

Twenty-four thermocouples positioned over the

entire screen to provide a representative tem-

perature sampling of the total inlet flow.

Four 6-element pitot-static rakes, located at

the bellmouth throat, used to measure total

fan flow and inlet total pressure.

Seven ll-element arc rakes and seven 7-element

radial rakes located 1/2 chord length behind

bypass OGV's.

Five ll-element arc rakes located between

inner OGV's and the core frame struts.

Other aerodynamic instrumentation were located on the vane leading edges,

the flowpath walls, and the core duct exit (compressor inlet, Plane 25). A

boundary-layer rake at the fan rotor inlet (Plane 12) was used to measure the

total-pressure gradient near the outer wall and to determine the total-pressure

loss in the duct between Plane i0 and Plane 12.

The fan and quarter-stage rotor blades were fully-instrumented with

dynamic strain gages for the full-scale fan test. Eighteen strain gages on

the fan rotor and twelve strain gages on the quarter-stage rotor were used to

detect the vibration characteristics of the airfoils. Additional strain gages

were placed on the Stage I and 2 disks and the Stage 2 spacer.

The aeromechanical performances of the fan stator vanes were obtained by

the use of fifteen dynamic strain gages per stage. Three of these gages were

used as spares and the remaining twelve were monitored on scopes and simulta-

neously recorded on magnetic tape. The locations of these gages are listed
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in Table I. Three of the core OGV gages were lost during vehicle build-up. A

total of four gages were lost while testing - one core OGV and three on the

stage one vanes. Due to the planned redundancy in the number of gages at each

vane location, there was no detrimental effect on the quality of fan stator

monitoring as a result of gage loss.

In the operation of the test vehicle, air entered the plenum ahead of the

vehicle through a 4.6 meters (15 feet) diameter, 11.3 meters (37 feet) high,

vertical inlet stack. A motor-operated valve located in the top portion of

the inlet stack allowed throttling of the fan inlet to simulate low pressure

altitude conditions. Turning vanes at the base of the stack turned the incom-

ing air 90 ° to enter the inlet plenum chamber. This chamber had a screen at

its forward end to prevent the admission of any foreign objects into the fan.

A screen on the aft end had 24 thermocouples attached to it, measuring the fan

vehicle inlet temperature. The plenum chamber was mounted on wheels to permit

its movement forward or aft for adjusting to the length of different test

vehicles. For the E 3 fan, this plenum chamber was located as far forward of

the bellmouth as possible, approximately 1.2 meters (47 inches). The fan test

vehicle was located between the inlet plenum and the discharge air collector.

The total fan airflow entered the bellmouth, located 1.25 fan diameters

upstream of the fan rotor blade, after exiting the inlet stack and plenum

chamber. The bellmouth flow-measurement station (Plane i0), where the inlet

total pressure is also measured, was located 0.62 diameters ahead of the fan.

The total airflow entered the fan rotor and was split by the quarter-stage

island such that 22% of the flow passed through the booster. Downstream of

the booster rotor, the flow was split again such that 42% of the booster flow

re-entered the bypass stream and the remaining flow entered the transition

duct and core flow measuring section.

The air was discharged from the fan vehicle through two motor operated

vane-type discharge valves, one for the core flow and one for the fan bypass

flow. The bypass discharge valve directed the air into the main air collec-

tor which led up through the facility roof and into a vertical exhaust stack.

The core discharge valve directed its air into a smaller air collector and

exhausted it to the atmosphere through two vertical stacks each containing an



Table I. Fan Stator Vane Strain Gage Locations.

Core OGV

Item

Stage 1 Vane

Bypass OGV

Qty

5

2

3

5

6

3

3

3

4

i

2

4

4

Location

Trailing Edge ID Concave

Trailing Edge ID Convex

Trailing Edge Pitchline Concave

Leading Edge OD Concave

Trailing Edge OD Concave

Trailing Edge ID Convex

Leading Edge ID Concave

Hi-C Pitchline Concave

Trailing Edge ID Concave

Trailing Edge OD Concave

Trailing Edge ID Convex

Leading Edge OD Concave

Tang. to Midspan Island

Concave

4

Concave



ASME calibrated flow nozzle. The total airflow measurement was determined by

the calculation of the bellmouth flow from the measured values of total tem-

perature, total pressure, static pressure, and bellmouth area. The fan bypass

flow was the difference between the calculated inlet airflow and the measured

core discharge airflow in the two ASME nozzles.

8



SECTION III

TEST PROCEDURE

The fan component test program consisted of 81.6 hours of testing, divided

into three principal phases. The purpose and objective of each phase is

described below.

Phase i - Mechanical Checkout and Preliminary Performance

The primary purpose of the initial test phase was to verify that the

mechanical systems associated with the test vehicle and the test facility were

functioning safely and properly. High vibration levels were encountered on

the steam turbine drive system during the initial phase of fan testing in

September 1981. The steam turbine was repaired and the fan testing was

resumed on November 4, 1981.

The fan test vehicle was accelerated to 101.5% of design speed on a low

operating line in order to avoid the possibility of encountering stall. The

bypass and core discharge valve settings were individually set to approximate

the design bypass ratio and data points were taken at 40, 50, 60, 70, 80, 90,

95, i00 and 105 percent corrected speeds. At 90 and 95% speed, the fan was

throttled up to points just above the SLS operating line, holding the design

bypass ratio constant. Data were also taken along a line approximately at the

SLS operating line, from 40 to 90% corrected speed. The performance readings

taken during this phase provided the means to check out the instrumentation,

data acquisition, and data recording systems.

Phase 2- Performance Mapping

The stall line was determined at the lower speeds, in the 40% to 80% cor-

rected speed range to indicate the severity of stall stresses and to provide

early experience with stall recovery procedures and transient operation of the

vehicle. Main and core discharge valve positions were established in order to

set the design bypass ratio while throttling the fan. In stalling the fan

vehicle, the core discharge valve was partially closed before closing the by-

pass discharge valve to stall. Data points were recorded at 40, 50, 60, 70,



and 80 percent corrected speed, sufficient to establish the required operating

line discharge valve settings. Near-stall data points were recorded first by

clearing the stalled condition with a wide open discharge valve and second, by

throttling back to within a few counts of the bypass discharge valve setting

at stall. Operating line data points at 85 to 105%corrected speed were then

taken before the high speed stall test.

The fan was intentionally stalled at 85, 90 and 95%corrected speeds to
determine the high speed stall line. Stalls at higher speeds were not possible

due to the limited available horsepower of the facility steam turbine. The

performance mapwas defined from low operating lines to stall with a minimum

of eight data points recorded for each speed line from 40 to 95% speed. At
100%speed, seven data points were recorded from just below the cruise operat-

ing line to the point where the flow had rolled back approximately 6%from

the operating line flow. Only three points were taken above 100%speed due to

the horsepower limitations. All data were recorded with bypass ratios near the

nominal design value of 6.8.

Phase 3 - Bypass Ratio Excursion Performance

At both 90% and 95% design speeds, the bypass ratio was set for four

separate off-design conditions with bypass ratios larger and smaller than the

design value. Stalls were intentionally made with each bypass ratio. Data

were recorded near stall and above and below the nominal operating line.

iO



SECTION IV

AERODYNAMIC PERFORMANCE

Clean-inlet performance test data readings were taken at fan speeds rang-

ing from 40% to 105% of the design corrected speed. Several data points were

recorded at each speed line from a low operating line to a near-stall point.

S_alls were intentionally induced by throttling the fan with closure of the

bypass discharge valve at speeds from 40 to 95%. At speeds above 95%, test

vehicle operation was limited by the available drive-turbine horsepower, and,

stalls and near-stall data points were not possible. Most of the test readings

were taken with design or near-design bypass ratios; a separate portion of the

test was carried out with off-design bypass ratios at 90 and 95% corrected

speeds.

A. Fan Bypass

The fan bypass performance map is shown in Figure 3. The total fan air-

flow is measured by the pitot-static rakes at the bellmouth throat (Plane I0)

and then corrected to the fan face (Plane 12) average conditions by the amount

of un-sensed total pressure occurring from wall boundary layer buildup.

Momentum-averaged properties are used to calculate adiabatic efficiencies at

Plane 14. The momentum-averaging method performs the total-pressure averaging

calculation as if all stream tubes were completely mixed at the location of

the Plane 14 rakes. In reality the mixing occurs gradually over some distance

downstream and will probably not be complete even at the nozzle exit. For

this reason, the definition of fan efficiency given here will lead to a slight

underestimation of the thrust produced by the engine. The bypass pressure

ratio on the fan map is caluclated from the momentum-averaged arc rake total-

pressure, adjusted for any circumferential variations at Plane 14, and the

fan face average total-pressure. The adiabatic efficiencies shown for each

data point are calculated by using the adjusted, momentum-averaged properties

at Plane 14 and the fan face (Plane 12) average conditions. A tabulation of

all data points shown on the map is presented in Appendix I. The measured

flow, pressure ratio, adiabatic efficiency and bypass ratio, as well as the

fully-adjusted values, are listed for each data reading.

Ii
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The measured total airflow was higher than predicted at all speeds by 1.4

to 3.5%. It is believed that approximately 0.5% of the flow is due to a

slightly more open flow induction surface in the blade tip region, as deduced

from a data match calculation. The rest of the flow is probably due to a
better bellmouth flow coefficient than that used in the flow calculation. The

design airflow of 643.7 Kg/sec (1419.2 ibm/sec) was reached at 97.5% corrected

speed at the design pressure ratio of 1.65. Test-measured stall points were

determined for all speed lines up through 95%corrected speed. The target

stall line was exceeded by approximately 3.0 to 5.0% at speeds above 50%. The

stall margin available at the sea level takeoff condition is approximately 15%
at a constant airflow.

The total corrected airflow and bypass pressure ratio were adjusted for

the loss in total pressure between Plane I0 and Plane 12 caused by the inlet

duct boundary layer, which represents the un-sensed total pressure. This loss

amounted to approximately 0.6 point in bypass adiabatic efficiency. The bypass

efficiencies were further adjusted to account for momentumaveraging and cir-

cumferential sampling variations at Plane 14. The resulting momentum-averaged

efficiency was approximately one-half point less than the mass-weighted value.

The core-stream pressures and efficiencies were the as-measured values since

the inlet wall-friction loss and momentum-averagingmethod did not apply.

The radial profiles of pressure, temperature and adiabatic efficiency were

analyzed for reading No. 153 near the maximumclimb aerodynamic design point.

Figure 4 shows the total pressure ration versus the design stream-function.

At the left of the Figure are the boundary layer rake element pressures and

the the Plane i0 radial rake pressures ratioed to the average plane i0 total

pressure. To the right of the figure are the bypass arc rake, radial rake,
and vane-mounted elements. The stator 1 vane-mounted data are also shown.

The range of total pressure in the wakes behind the OGV's are shownby the

leader lines drawn from the circle symbols. The radial rake data are indi-

cated by the triangular symbols. The rotor part-span shroud, island and core

splitter locations are indicated on the figure. The solid (stage exit) and

dashed (rotor exit) lines show that the aerodynamic design intent distribution

of pressure ratio was achieved.

13
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Thetotal temperature data and efficiency profiles for the samereading

are shown in Figure 5. Again, the design intent profiles were closely matched
by the test data. The efficiency profile shows that the fan exceeded the

design intent efficiency goal in the tip region and the region just above thee
island streamline location.

The booster spill flow that passed above the core splitter and mixed with

the bypass flow appeared to match the design intent quite well. This flow was

Calculated from the total and static pressure and total temperature measure-

ments at plane 93 using the design area coefficient. Whenthe two flow streams

were throttled to achieve the design bypass ratio of 6.8, the design bypass and

core stream pressure ratios of 1.65 and 1.67, respectively, were produced. The

amount of spill flow at the maximumclimb data point was measured to be 46%of

the total booster flow, very nearly equal to the design intent of 43%.

Figures 6, 7 and 8 showarc rake profiles of total pressure, total tem-

perature and adiabatic efficiency at each of the 7 radial immersions behind

the bypass OGV. The radial rake elements and leading edge vane-mounted ele-

ments associated with each arc rake are also shown, and these closely match

the highest values on the arc rake. The i0 elements on each arc rake span

one OGVblade pitch with the "E" element located behind the vane trailing edge.

The loss in efficiency across the OGVis labeled for each immersion in Figure

8. The tip and hub i_ersions seemto show the largest OGVwake efficiency

loss, with the total OGVloss amounting to approximately 3 points in bypass

stream adiabatic efficiency. The bypass stream efficiency measurementswere

adjusted for circumferential variation due to the non-uniformity of the flow

by comparing the radial rake measurementsat each arc rake immersion. The

amount of total pressure or temperature difference between the highest arc

rake value and the radial rake average at that immersion was subtracted from

the arc rake average, and for that value a new efficiency was calculated.

B. Fan Hub and Quarter-Stage

The core-stream performance map is shown in Figure 9. The core-stream

corrected airflow is the flow that enters the core-flow measuring section down-

steam of the frame strut trailing edge (Plane 25), corrected to the fan inlet.

15
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The pressure ratio is calculated from the inner OGVexit (Plane 23) arc rake

mass-averaged total-pressure, ratioed to the Plane I0 inlet total pressure.

The seal level static and altitude cruise [M = 0.8, 10.67 km (35000 ft)] oper-

ating lines and the predicted stall line are shown. The fully-throttled

extremes of the 90 and 95%speed lines are the points of quarter-stage rotat-

ing stall. These are approximately 10%in pressure-rise above the predicted

stall line and 20-25%margin above the core-stream mapoperating line. An

unintentional full-fan stall occurred at 100%speed when the quarter-stage

rotor, operating near-stall, was further throttled to a very high bypass ratio

condition. Transient stress survey data showedthat the quarter-stage rotor

stalled first and back-pressured the fan rotor into a full-fan stall. This

point is shownon the 100%speed line approximately 18%above the cruise oper-

ating line.

The core-stream total-pressure ratio, total-temperature ratio and adia-

batic efficiency profiles for the reading near the max climb aerodynamic

design point are shown in Figure I0. The design intent profiles at the OGV

exit (solid line) and quarter-stage rotor exit (dashed line) are shown. Rela-

tive to design intent, the test data at the OGVexit planes are slightly

higher in total-pressure and efficiency at all immersions except the very hub,

where the hub boundary layer has weakened the flow. The average efficiency
in the core-stream below the splitter has exceeded the design intent by 1.7

points. The diamond-shaped symbols representing the leading-edge vane-mounted

data show a very healthy, hub-strong profile entering the core-stream OGV.

Exiting the OGV,the profile is weakened in the hub region (inner 2%of total

fan flow) and this is carried on through the core frame struts to the com-

pressor inlet station (Plane 25).

C. Bypass Ratio Excursions

The bypass excursion test points are shown on the core-stream performance

map (Figure 9) by the shaded symbols at 90 and 95% speeds. The high bypass

ratios (7-15) occurred when the core discharge valve was well-closed relative

to the nominal position. These data points appear well-above the predicted

stall line on the core-stream map. The low bypass ratios (4-6) occurred when

the core discharge valve was wide open and the bypass valve was closed. These
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data plot quite low on the map speed lines at 90 and 95%speeds and suggest

that the speed-core flow relationship is a function of the bypass ratio ; lower
bypass ratios produced more core-flow at a given speed. Correspondingly, the

high bypass ratios reduced the amount of core flow at speed.

The bypass discharge valve was set at the nominal fan operating line

position when the core discharge valve was closed to produce bypass ratios

as high as 15:1. Whenthe core valve was closed, the quarter-stage rotor

was throttled along a constant, nearly-flat speed line as shownin Figure 9;

the bypass stream conditions migrated only slightly from its nominal operat-

ing point on the map. At bypass ratios greater than 13:1, the quarter-stage

rotor encountered a rotating stall. Further throttling was possible as a

full fan stall did not occur, but the rotating stall produced a loud, whin-

ing fan noise audible in the test cell area. The stresses on rotor 2 however,

remained at a low and safe level. Lower-than-design bypass ratios were

achieved by throttling the bypass flow toward stall while the core valve was

wide open.

The effect of bypass ratio excursions on the fan bypass-stream performance
at 90%speed on the operating line is shown in Figure Ii. The OGVexit (Plane

14) adiabatic efficiency, at each of the seven arc rake immersions, is plotted

versus bypass ratio. The change in average plane 14 efficiency from the near-

nominal bypass ratio point (B = 6.25) for each increasing bypass ratio is

shownat the top of the plot. The drop-off in overall performance is gradual

and nearly linear and shows that the best efficiency is achieved near the

design bypass ratio. Only the hub immersion, which measures the spill flow

performance, drops off rapidly beyond a bypass ratio of 8. The corresponding
core-stream efficiencies at each of the five arc rake immersions are shown in

Figure 12. The immersion efficiency bypass ratios above 8:1 are steeper than

the bypass immersions show, except at the hub where the efficiency was not very
high even at the design bypass ratio. The change in average plane 23 effi-

ciency shows a large loss (over 8 points) for the real high bypass ratio.
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SECTION V

AERO- MECHANICAL PERFORMANCE

A. Fan Rotor

The E3 fan completed a successful test program of 81.6 hours, including

a thorough mechanical checkout, aerodynamic performance mapping and fan stalls.

A maximum speed of 3930 rpm (105.4% physical) was reached and 12 inten-

tional and 2 unintentional stalls were sustained. Normal fan operation pro-

duced a maximum fan blade (RI) response of 21 percent of limits and a maximum

quarter-stage (R2) response of only 17 percent of limits. The highest stress

levels were seen during an unintentional stall at I00 percent speed when 50

percent of limits for RI and 65 percent of limits for R2 were reached.

The mechanical design goals established for the fan rotor included

improved durability, ruggedness, and reduced maintenance. Some of the most

important features of the rotor design which give it excellent mechanical reli -_

ability are: 15% vibratory margin over 2/rev at maximum speed, improved rotor

stiffness and stronger blade attachments, low dovetail stresses, and an anti-

clank system to prevent dovetail wear. The design which has a modular disas-

sembly feature, also carries improved torque-transmitting capability of the

disk/shaft bolted joint and reduced rotor overhang to minimize unbalance.

Additionally, the fan blade is designed to provide good bird-strike resistance.

The materials selected for the fan rotor configuration are listed in Table II.
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Table II. Fan Rotor List of Materials.

Fan Blades

Fan Disk

Spinner

Spinner Cover

Anticlank Spring

Blade Retention Key

Booster Spool

Booster Blade

Fan Shaft 5/8-inch Bolts

Forward Fan Shaft

Titanium 6AI-4V

Titanium 6AI-4V

7075 Aluminum

7075 Aluminum

Titanium 6AI-4V

Inco 718

Titanium 6AI-4V

Titanium 6AI-4V

Inco 718

4340 Stainless Steel



The fan rotor blade response during normal operation w_very/_e_l -" /'_'

behaved. The Stage 1 blade IF mode 31rev crossing a "_21_O_m produced only

a 16 percent of limits response. The first and second system modes were seen

but were at levels below 25 percent of limits. At a near-stall condition at 70

percent speed (2610 rpm), the second system mode responded at 25 percent of

limits, but diminished to less than I0 percent when the fan was returned toward

the operating line. The 2-stripe mode was seen at the 12/rev crossing (3720

rpm) but only responded at 6 percent of limits.

The quarter-stage rotor blades were equally well-behaved. The stage's

maximum response occurred at 90 percent speed (3350 rm) when the blade IF mode

reacted with a 5/rev crossing to produce a 17 percent of limits response. The

2 stripe mode responds to a crossing with 120/rev (2 times Sl) at 2800 rpm to

16 percent of limits. One hundred and eighty per rev (3 times Sl) at 3370

rpm excites a complex mode at 10,080 HZ to ii percent of limits. During the

bypass ratio migration testing at 90 and 95 percent speeds, the quarter-stage

rotor blade experienced separated flow vibration at 28 percent of limits. At

these test points, the bypass ratio was in the 14.0-16.0 range and the fan was

producing a growl that was audible in the control room. Throughout the bypass

ratio excursions, the fan blade remained unresponsive to the large bypass ratio

swinges.

Intentional stall testing was conducted at 40, 50, 60, 70, 80, 85, 90, and

95 percent speed points. Two additional stalls at each of the 90 and 95 per-

cent speed points were obtained at different bypass ratios. The highest

response to these stalls were 48 percent of limits for the fan rotor and 44

percent for the quarter-stage rotor, both in the first flex.

Two unintentional stalls were also encountered. One, at i00 percent

speed, happened with the bypass discharge valve fully opened. It was initiated

when the main discharge valve was being closed to the 75 percent position caus-

ing a much higher than design bypass ratio. Four separate pulses, initiated in

the quarter-stage rotor, were sustained before it could be cleared. Since the

bypass discharge valve was full open, the stall had to be cleared by opening

the inlet valve, and dropping speed. The total stall event lasted 4.25 seconds
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and resulted in the fan rotor blade responding to 50 percent of limits (IF) and

the quarter-stage rotor blade to 65 percent of limits (IF). The other uninten-

tional stall occurred after taking a steady state reading at 90 percent (Nf)

fan speed, at a near-stall condition. Whenthe bypass valve was moved, osten_

sively toward the open position, a single pulse stall occurred that was cleared

by slewing the bypass discharge valve open. Blade instability was not encoun-

tered at any condition during the test. At all speeds and bypass ratios, a

stall was encountered before any instability was detected.

Figures 13 through 15 show the pre-test predicted Campbell diagrams for

the fan rotor and quarter-stage rotor blades. Figures 16 through 19 are

Campbell diagrams generated by Fast Fourier Transform (FFT) analysis of strain

gage signals from both rotor stages. Figure 16 shows the response of a fan

rotor strain gage sensitive to the lower frequency modeswhile Figure 17 shows

a strain gage sensitive to the higher frequencies. Figures 18 and 19 show the

similar data for the quarter-stage rotor blades. Figure 20 shows a stability

plot of the ReducedVelocity Parameter versus Incidence Angle for the fan rotor

blade at various points during the testing. Although the near-stall data

points appear close to the predicted flexural and torsional boundaries, no

signs of instability were evident. Table III shows the stress levels and

operating conditions of all the stall events incurred during the testing.

B. Fan Stator

The fan stator configuration used for the full-scale fan test is shown in

Figure 21. The solid 17-4 PH steel bypass OGV's and core struts are non-fllght-

type designs but the Stator I and core OGV vane assemblies are representative

of flight-type hardware. Light-weight 7075 aluminum core OGV's and 6061 alumi-

num inner and outer shrouds were used. In the Stator i assembly, the flow

splitter casing was aluminum with the Stage i vanes being 410 stainless steel.

The inner and outer fairings are fabricated from steel for the best Foreign

Object Damage (FOD) protection during development tests.

The stage one vanes were well-behaved during the fan component test.

Their major response area was a first torsion mode and 32/rev crossing at
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Table III. FSFT Blade Stall Events.

% Nf

40

50+

60

70

80

85+

90

90

90

90*+

95

95

95

I00"

Physical

Speed

RPM

Main Bypass
DV %

Position

DV%

Pos ition

Blade Response
% Limits

Fan'Rotor

1481

1854

2219

2612 60

2968 50

3178 _ 64

3345 75

3360 I00

3360 56

3360 56

3550 70

3535 60

3535 I00

3732 75.4

40 17.0

50 17.6

50 18.8

24.8

25.2

28.3

29.2

29.0

29.7

31

31.2

30.0

32.7

I00

18

mmm

38

38

40

43

38

48

38

43

4O

5O

Quarter-

stage Rotor

8

mm_

12

16

26

33

31

41

44

41

28

65

*Inadvertent Stalls

+Blade stress levels at these points were not reduced.
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2600 rpm (70% Nf). The maximum percent of limits seen was 45%. An inter-

action between first flex mode and 32/rev was observed at 1500 rpm _40% Nf)

with a response of less than 20% of limits. The only other mode observed

during the testing was a 64/rev and second torsion crossing at 2700 rpm whic_

produced less than 5% of limits. Representative Stage I vane Campbell dia-

grams, generated from fan test data, are presented in Figures 22 and 23. Fig-

ure 24 presents a Campbell diagram prepared from analysis and bench testing.

The core OGVs exhibited very little response up to 3500 rpm (94% Nf).

However, between 3500 and 3700 rpm, this stage went into a strong resonance

due to a 32/rev excitation. The maximum percent of limits was 77% at 3732 rpm

(100% Nf). This is the crossing point of 32/rev stimulus and the first tor-

sion mode. The stress levels were the highest during the bypass ratio excursion

Segments of the test, when the bypass ratio exceeded 13. Since a physical fan

speed versus ambient temperature curve for ICLS sea-level-static takeoff con-

ditions shows a maximum fan speed of 3400 rpm, first torsion resonance should

not be a problem during ICLS testing. One additional but very minor crossing

was stimulated at 2000 rpm (54% Nf) when a 56/rev excited a first torsion mode.

Observed limits were well below 10%. Figures 25 and 26 present Campbell dia-

grams prepared from test data; Figure 27 was generated from bench and analyti-

cal data.

Very little response was observed from the bypass vanes at any fan speed.

The majority of the strain gage signal was composed of a near i/rev @xcitation

probably due to a facility disturbance. The fan test data Campbell diagram's

are presented in Figures 28 and 29. Note, the very low threshold levels needed

to obtain the plot. The Campbell diagram of Figure 30 is the result of bench

tests and analysis.

The operating conditions for all of the stall events are presented in

Table IV. Physical fan speed, percent corrected speed, bypass discharge valve

and core discharge valve percent positons are listed. In the same table, the

maximum percent scope limits observed during each stall are tabulated for the

stage one vanes and core OGVs. The percent limits were calculated by assuming

the overall stress levels read on the scopes were composed entirely of one of
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Table IV. FSFT Vane Stall Events.

Stall

Event %Nc RPM

I 40 1481

2 50 1854

3 60 2219

4 70 2612

5 80 2968

6 85 3178

7 90 3345

8 90 3360

9 90 3360

i0 90 3360

ii 95 3550

12 95 3535

13 95 3535

14 i00 3732

Notes

I

MDV

% Pos.

BDV
% Pos.

40 17.0

50 17.6

50 18.8

60 24.8

50 25.2

64 28.3

75 29.2

100 29.0

56 29.7

56 31.0_)

70 31.2

60 30.0

I00 32.7

75.4 I_) lO0.O
I

Max Vane Response
% Limits

Stage I OGV Bypass

12 20 See

12 17 Note

15 20 _)

23 27

24 .42

27 43

33 62

30 73

27 67

28 63

28 75

28 67

31 63

47 77

1 r

45

Unintentional Stall - Bypass Discharge Valve (BDV)
Closed in Error

Unintentional Stall - Main Discharge Vavel (MDV)
Closed in Error

3 Except for Event 14, Response is Negligible
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the vane primary modes. A nodal analysis of the strain gage signals deter-

mined that 75 to 100% of the overall stresses were in primary modes. For this

reason, the percent limits recorded in Table IV are assumed to be conservativg.

Time histories of representative channels during stall events are pre-

sented in Figures 31 through 33. These figures show twenty to sixty seconds

of data versus signal frequencies and frequency amplitudes. Only the relative

_amplitudes between frequencies are usable due to the instability of this data

reduction method to process rapidly changing amplitude levels. These figures

confirm that a high percentage of the overall stress response was contributed

by a single vibratory mode. For the core OGVs, this mode was first torsion.

The stage one vanes responded to the stall at 160 Hz while the bypass OGVs

responded at 80 HZ.
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SECTION VI

SYSTEM VIBRATION

The E3 Full Scale Fan Test was completed with acceptable synchronous

vibration levels throughout the entire speed range following a successful

field balance of the stage one fan rotor. A field balance was required due

to higher than anticipated synchronous vibration levels of the boiler-plate

outer-duct facility hardware located between the fan frame and the aft-mount

plane.

Thirteen (13) accelerometers were used to continuously monitor the vibra-

tion characteristics of the test vehicle. Locations of the accelerometers are

defined in Table V. Signals from the accelerometers were continuously moni-

tored on oscilloscopes and simultaneously recorded on magnetic tape. A spec-

trum analyzer and two X-Y plotters with tracking filters were used at the test

site to further evaluate the vibration characteristics in real time.

Table V. Accelerometers Locations.

No. 1 Bearing

No. 2 Bearing

Containment Case

Fan Frame

Quarter-Stage Island

- Vertical, Horizontal and Axial

- Vertical and Horizontal

- Vertical and Horizontal

- Vertical and Horizontal

- Vertical and Horizontal

Fan Outer Duct Access Case - Vertical and Horizontal

Synchronous vibration levels observed during the initial mechanical check-

out were higher than had been predicted by the pre-test analysis. When the fan

rotor was field balanced the vibration levels were reduced to an acceptable

level. Figure 34 illustrates the synchronous response at the access case aft

flange - horizontal accelerometer as recorded on the X-Y plotter during the

last test run on an accel from 500 rpm to 3750 rpm. The accelerometer was

located at the highest response location on the vehicle. At 3500 rpm, steady-

state synchronous levels of 3 mils -DA and 4 mils -DA were recorded, respec-

tively, at the forward bearing horizontal and containment case horizontal

accelerometers during the final test run.
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Post-test analyses were performed to determine why the response charac-
teristics did not correlate with the pre-test analysis. The dynamic analysis

computer model massand flexibility characteristics were reviewed and refined.

A parametric study was conducted where the fan frame and fan rotor mass and
flexibility properties were varied to determine the sensitivity of the char-

acteristic fan nodding mode. This modeis typical of all high bypass turbo-

fan engines and involves masscoupling of the rotor with strain energy in the

fan frame. The post-test analysis indicated that the characteristic mode
should be closer to 5200 rpm than 5450 rpm as originally predicted, but still

far above the normal speed range. This verified that the high response at

3000 rpm wasnot associated with the characteristic fan nodding mode. This
high response has been attributed to the influence of the Lynn facility shaft-

ing between the thrust bearing and the gearbox. Therefore, similar vibration

problems associated with the a fan rotor unbalance are not anticipated for the

ICLS test program.
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SECTION VII

CONCLUSIONS

A summary of the fan bypass (with adjustments) and core-stream performance

at the important engine cycle conditions of max climb, max cruise, and takeoff

is shown in Table VI. The fan momentum-averaged efficiencies, summarized rela-

tive to the componen t test goals and the fully-developed FPS fan goals, are

shown in Table VII. The test efficiencies exceed the component test goals at

all of the important engine operating conditions. Relative to the FPS engine

goals, the fan bypass efficiency is higher by 0.7 points at max cruise and 0.5

points at max climb. At takeoff, the bypass efficiency is 0.7 point lower than

the FPS goal. The core-stream efficiency is 0.7 point greater than the FPS

goal at max climb, 0.3 point greater at max cruise, and 0.I point greater at

takeoff. The target stall line was exceeded at all speeds, above 40%, by

approximately 3-5%. Ample stall margin is available for a high bypass ratio

turbofan operating at the sea level takeoff condition. The core-steam pressure

and efficiency test data profiles were very close to the design intent, demon-

strating that the fan hub and quarter-stage will provide the desired flow

field, as designed, at the core compressor inlet. Virtually all goals covering

the bypass and core-stream performance were met or exceeded. Since the fan

displayed highly-stable aeromechanical characteristics and low stresses, it was

decided to use the fan component test configuration, without any modifications,

for the ICLS demonstrator turbofan ehgine test. The high vibratory response at

3000 rpm has been attributed to the Lynn facility shafting and will not present

a fan rotor unbalance problem during the ICLS test program.
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Table VI. Performance Results.

Parameter

Corrected Tip Speed, ft/sec

corrected Total Fan Airflow, ibm/sec

"Flow/Annulus Area, Ibm/sec-ft 2

Bypass Total-Pressure Ratio, PI4/PI0

Bypass Adiabatic Efficiency (Momentum-Avg),

Core-Stream Total-Pressure Ratio, P23/PI0

Core-Stream Adiabatic Efficiency, n23

Bypass Ratio

n14

Max

Climb

1316

1420

42.8

1.65

0.886

1.67

0.892

6.9

Max

Cruise

1283

1395

42.1

1.61

0.892

1.62

0.895

7.0

Takeoff

1175

1270

38.4

1.50

0.893

1.53

0.898

7.4

Table VII. Fan Efficiency (Momentum-Averaged) Summary.

Parameter

Bypass Adiabatic Efficiency

Full-Scale Fan Test Goal

FPS Goal

Full-Scale Fan Test (Adjusted)

Core-Stream Adiabatic Efficiency

Full-Scale Fan Test Goal

FPS Goal

Full-Scale Fan Test Measured

Max

Climb

0.869

0.879

0.886

0.875

0.885

0.892

Max

Cruise

0.877

0.887

0.892

0.882

0.882

0.895

Takeoff

0.890

O.900

0.893

0.887

0.887

0.898
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t_
RDG PNC10R

25 39.93

17 39.95

24 39,97

192 39.97

45 40.04

97 49.98

103 49.99

46 5_.01

26 50.93

47 50.17

I_4 50,22

33 59.95

105 60._5

27 69.06

86 60._7

87 6_.07

49 60.13

48 60.14

119 09.87

111 69.89

79 69.93

81 69.97

83 69.99

22 7D.04

28 70.08

EEE FAN + 1/4 STAGE BOOSTER RIG TEST SUMMARY ON 11/17/82 AT 14.594

* HOM-AVG FAN BYPASS DATA * * MEASURED FAN BYPASS DATA * * MEASURED CORE STREAM DATA *
Wl�ADJ P14QI9 EI4HOM W19R P14Q!O E14D19 W25R10 P23Q19 E23D10

639.2 1.9692 9.8829

592.5 1.0813 0.9914

706.6 1.0470 _.721E

506.0 1.0890 O.8281

425.0 1.0903 0.7397

757.7 1.1269 9.8943

652.1 1.1417 0.8447

797.2 1.1379 0.8885

798.1 1.1111 9.8579

547.2 1.1450 0.7420

866.0 1.0794 9.8144

1019.3 1.1174 0.7509

911.2 1.1868 0.9017

9£0.9 1.1494 9.8222

959.3 1.1631 0.8678

853.7 1.2937 9.8991

792.2 1.2123 0.8565

669.2 1.2132 0.7555

865.7 1.3922 0,819H

802.6 1.2963 0.7569

1932.1 1.2776 0.8925

925.2 1.3004 0.8526

1992.8 1.2442 0.8778

1951.9 1.2695 0.8988

1124.3 1.2913 0.7860

638.9 1.069Z 0.9976

592.3 1._813 9.9299

706.1 1.0470 9.7427

505.5 1.9899 9.8425

424.9 1.9903 _.7554

757.1 1.126_ 0.9979

651.7 1.1417 3.8555

796.7 1.1370 _.8_58

797.4 I.IIII _.8792

547.9 1.1459 0.7535

865.0 !.9794 0.8251

1017.6 1.1174 9.7544

919.9 1.1868 0.9942

989.3 1.1494 9.8237

957.9 1.1631 0.8685

852.8 1.2937 9.89Z2

791.5 1.2123 9.86_5

668.8 1.2132 0.7612

864.7 1.3922 0.8249

801.8 1.2963 0.7639

193_.3 1.2776 0.8959

924.1 1.300_ O.d6_b

1990.6 1.2442 0.8811

1049.1 1.2_95 9.8997

II_2.2 1.2913 9.7929

77.4 I._826 9.9232

73.9 I._919 0.9378

102.7 1._477 0.6358

65.6 1._984 _.9901

46.2 1 1_27 0.8574

93.5 1 1432 0.9015

80.7 1 1564 0.8979

89.6 1 1510 9._082

95.1 I 1334 _.8761

72.0 I 1657 0.8854

109.5 1.1990 9.8078

141.9 1.1223 0.6814

113.5 1.2_99 0.8889

125.3 1.1719 9.8415

118.6 1.1966 9.8739

197.0 1.2242 0.9019

92.7 1.2358 9.8987

85.I 1.2438 0.8841

119.7 1.3354 0.8943

I_8.1 I 3394 0.8863

123.7 1 3127 0.9905

115.4 1 3311 9.9071

152.8 1 2589 0.8493

129.5 1 3964 9.9952

123.7 1 2755 0.8737

BPR

7.249

7.929

5.876

6.795

8.200

7,101

7.978

6.891

7.385

6.596

6,900

6.179

7.016

6.898

7.077

6.969

7.549

6.855

6.8_9

6.415

7.332

7._f_9

6.138

7.192

8.074
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o_

RDG PNC1BR

126 9_.15

144 94.75

64 95.9#

96 95.99

62 95.99

65 95.13

135 95.13

63 95.15

59 95.18

1_ 95.23

153 97,78

94 99.98

39 1_9 _5

117 19_ 1_

95 199 II

109 199 12

6_ 100 13

8u 100 27

119 Ig4.81

61 1_5.32

EEE FAN + 114 STAGE BOOSTER RIG TEST SUMMARY ON 11/17/82 AT 14.594

* MOH-AVG FAN BYPASS DATA * * MEASURED FAN BYPASS'DATA * * MEASURED CORE STREAM DATA *
WI#ADJ PI4Q19 E14HOM

1351.5 1.5145 9.8974

1123.9 1.5988 9.7331

1363.9 1.6523 9.8851

1278.8 1.6682 9.8389

1409.9 1.5848 9.8898

1333.2 1.6649 g.8669

1419.3 1.5777 9.8837

1388.5 1.6162 9.8932

1497.1 1.5669 9.8811

1226.8 1.6555 9.8928

1427.3 1.6463 9.8824

1422.1 1.7359 9.8729

1448.7 1.6615 9.8725

1352.6 1.7692 _.8427

1395.7 1.7650 9.8643

1409.3 1.7456 _.8823

1442.7 1.6332 9.8585

1435.7 1.6983 9.8735

1_57.4 1.7745 9.8446

1466.2 1.7175 9.8331

W19R PI4QI_ E14DI9

1346.8 1.5145 9.8988

112_.6 1.5988 0.7364

1358.1 1.6523 9.8898

1275.9 1.6682 9,8469

1394.5 1.5848 9.8899

1328.7 1.664_ 9.8746

1494.7 1.5777 9.8838

1383.3 1.6162 9.8929

1491.5 1.5669 9.8833

1223.6 1.6555 9.8975

1421.4 1.6463 O.8829

1416.3 1.735_ _.8755

1442.4 1.6615 _.8Y_

1347.9 1.7692 _.8421

1399.3 1.765_ 0.8644

1403.7 1.7456 0.8795

1436.5 1.63_Z _.8585

143_.6 1.69_3 0.8739

1459.9 1.7745 _.C475

1459.5 1.7175 _.8325

W25R19 P23Q19 E23DI9

184.5 1 5255 9.8954

139.4 1 6747 _.86_1

165.5 1 6535 _.8912

161.7 1 6785 _.89_7

173.4 1 6211 9.8955

162.9 1 6679 9.8919

193.3 1,5945 9.8879
o

169.4 1.6416 9.8861

193.9 1.5878 9.8991

161.6 1.6883 0,8878

179,6 1.6685 0.8918

166.9 1.7478 0.8858

187.3 1.7943 0.8954

163.2 1.7760 0.8624

156.2 1.7717 9.8799

149.1 1.7630 _,8695

201.1 1.6686 _.8842

2_1.2 1.7_88 9.899_

18_.7 1.8313 9.8874

196.2 1._!2 _,8846

BPR

6.3_9

7.036

7.204

6.885

7._44

7.155

6.268

7.623

6.229

6.57]

6.914

7.484

6.703

7.261

7.989

8.413

6.145

6,111

7._31

6.44_



Cb
01

RDG PNCIgR

12H 89.97

124 99.12

I27 9_.03

128 90.12

129 90.15

i30 99.19

131 99.16

134 90.32

136 95.22

137 95.22

139 95.96

149 94.99

142 94.99

143 95.@9

145 94.91

146 95.25

EEE FAN + 1/4 STAGE BOOSTER RIG TEST SUMMARY ON 11/17/82 AT 14.594

* MEASURED FAN BYPASS DATA * * MEASURED CORE STREAM DATA *
WI_R PI4QIH E14D1_ W25RI9 PZ3Q19 E23010

* * * * * BYPASS RATIO EXCURSION DATA * * * * *

1338.5 1 5145 _.9901

1291.6 1 5366 _.8819

1323.1 1 5373 9.8974

1229.3 1 5736 9.8597

1111.1 1 5345 0.7551

1313.4 1 5955 9.8749

1395.3 1 5917 0.8799

1276.1 1.5279 0.8799

1396.7 1.6197 9.8972

137_.9 1.6227 9.8892

1256.1 1.6565 9.8424

1242.5 1.6494 9.8357

1379.3 1.5794 _.8697

1357.3 1.C171 9.8834

1392.3 1.6699 9.8495

1249.8 1.651_ 9.8_59

184 5 1.5272 9.8882

113 4 1.57#1 9.8411

189 2 1.5393 9.8946

199 2 I.E486 _.8998

293 5 1.5514 8.8889

195 8 1.5548 9.8314

97 3 1 5384 0.8#25

88.7 1 5212 9.7626

198.3 1 6974 8.8954

123.8 1 6447 9.3444

132.2 1 6579 0.8528

12_.7 1 6461 8.8167

197.5 1 6935 _.7924

112.2 1 6195 9.81_6

297.2 1 6266 9.8956

21Z.3 1.6361 9.8977

BPR

6.255

1_.389

5.99.3

5.171

4.459

11.416

12.419

13.393

6.944

19.966

8.599

9.297

11.746

11.992

5.285

4.387
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