
The first schedule protects against compressor stall, and the second protects 
against turbine overtemperature. Both functions are scheduled as functions of 
corrected core speed. The digital control memory incorporates logic to select 
the lower of the acceleration fuel limits which are computed from the two func-
tions. Figure 87 depicts the OTW engine acceleration fuel schedule. The cor-
rected core speed function is calculated from measured core speed, fan speed, 
and fan inlet temperature. The corrected acceleration fuel limit is a function 
of fuel flow, compressor discharge pressure, fan speed, and fan inlet tempera-
ture. The digital control logic compares the scheduled acceleration fuel limit 
with the real-time calculated level of the acceleration fuel function and mul-
tiplies the difference by compressor discharge pressure to establish the actual 
engine-fuel-flow limit. This calculation process is repeated approximately 80 
times per second. 

The OTW control also incorporates limits for engine protection. 

3.8.9 OTW Transient Thrust Response 

As noted earlier the QCSEE was required to have rapid thrust-response 
capability. The UTW and OTW requirements were the same. Figure 88 shows the 
results of a thrust-response study using a transient model of the OTW engine. 
The thrust-response requirement is noted on the The dashed line on the 
figure shows the predicted response of a conventional turbofan in which fan 
speed and core speed are both varied with changes in engine fuel flow. With a 
conventional system, the required response could not be achieved due to the 
acceleration fuel schedule - which is designed to prevent compressor stall and 
turbine overtemperature. 

Since the required response could not be achieved using conventional 
methods, a study was conducted to determine if the thrust-response time could 
be improved by more effective use of the core stators. It was determined 
that, by setting the stators closed from the nominal schedule, the thrust-re-
sponse rate could be increased. When the core stators are closed, the core 
speed increases to maintain sufficient power to hold the fan speed and main-
tain the thrust setting. Therefore, with closed core stators the core engine 
was not required to accelerate to achieve thrust response. The core stator 
closure was implemented by biasing the base stator schedule with the power-
demand signal and by an operating-mode signal. With a step increase in the 
power-demand signal, the core stators would open rapidly to provide the power 
for fan acceleration to takeoff speed. The solid line on Figure 88 shows the 
predicted thrust response of the OTW engine with the core stator reset func-
t ion. 

3.8.10 Failure Indication and Corrective Action 

One propulsion-control-technology objective in the QCSEE program was to 
reduce the impact of control-system sensor failures. This concept was imple-
mented by using the inherent capability of a digital computer to rapidly com-
pare and act on a large amount of data. 
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The digital control memory incorporated a nonlinear model of the OTW en-
gine cycle. This model was combined with a logic-update scheme to forman 
extended Kalman-Bucy filter which provided a calculated estimate of the engine 
sensor outputs. These calculated sensor values were compared with the mea-
sured sensor values. If the difference was small, the engine model was up-
dated to calculate new estimated sensor outputs. If an engine sensor fails 
excessive error is detected, the engine sensor is automatically disconnected, 
and the engine continues to operate using the calculated value of the sensed 
output. The calculated value of a given sensor is based on the fact that 
sensed variables are interrelated through the engine model. Figure 89 is a 
schematic of the sensor failure indication and corrective action (FICA) con-
cept. Figure 90 shows the 'results of dynamic-simulator study on the OTW en-
gine with the FICA concept incorporated. The data on the far left show nor-
mal system operation with all sensors operating during a power chop and a power 
burst. The center set of data shows engine operation with a compressor-dis-
charge sensor failure. The data on the right show operation with a fan-speed 
sensor failure. Even with the failed sensors, the dynamic simulation indicates 
that the engine should perform satisfactorily. 

3.9 LOW-EMISSIONS COMBUSTOR 

In July 1973, the U.S. Environmental Protection Agency (EPA) issued stan-
dards to regulate and minimize the quantities of carbon monoxide hydro-
carbons (HC), oxides of nitrogen (NOx ) , and smoke emissions that may be dis-
charged by aircraft operating within or near airports, These standards were 
defined for several different categories and types of fixed-wing, commercial-
aircraft engines and are presented in terms of a calculated parameter called 
the EPA Parameter (EPAP). This parameter is based on an EPA-defined, landing/ 
takeoff cycle consisting of specific operating times at engine power settings 
for ground idle, takeoff, climbout, and approach. The CO and HC emissions are 
mostly generated at the low-power ground idle conditions while the NOx emis-
sions are generated at the higher power settings including takeoff, climbout, 
and approach. 

3.9.1 Design Requirements 

The requirements for the QCSEE combustor were predicated on meeting the 
very stringent EPA standards for certified Class T2 subsonic engines. These 
standards, shown below, are presently scheduled to become effective in 1979: 

• CO 4.3 

• HC 0.8 Ibm/IOOO lbf/hr 

• NOx 3.0 

• Smoke 22 SAE-SN 
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Proposed amendments to these standards are currently being reviewed 
by the EPA. Revised standards could possibly result in relaxation of the 
requirements and the effectivity dates for Class T2 engines. 

In addition to the combustor-emissions requirements, the combustor must 
be sized to fit within the dimensional envelope of the existing core engine 
and meet performance requirements such as combustion efficiency, exhaust-
temperature distribution, and altitude ignition typically required for any 
advanced, high-bypass engine. 

As shown in Table XX, meeting the CO and HC emissions requirements 1n 
the QCSEE applications is particularly challenging because of severe combus-
tor-inlet operating conditions at ground idle compared to those of a current 
state-of-the-art engine such as the CF6-50. The CO and HC emissions of the 
QCSEE are strongly and adversely affected by these lower combustor-inlet tem-
peratures and pressures. In addition, the requirements must be met with a 
combustor sized to fit within the confines of the very 'short, compact envelope 
of the F10l combustor casing., Figure 91 shows the most recent version of a 

combustor configuration sized to fit the QCSEE and designed 
specifically for low emissions. 

The QCSEE UTW and OTW configurations both use the FlOl core, resulting in 
low-pressure'-ratio cycle designs. With the low combustor-inlet temperatures 
and pressures associated with this low cycle pressure ratio, the NOX emis-
sions would not be expected to be a problem. Since the technology being de-
veloped was intended for higher-pressure-ratio engines, the development was 
carried out in a test rig using the cycle conditions 
listed in Table XXI. The use of this "emissions program" cycle did result In 
improved combustor inlet conditions at the QCSEE ground idle power setting of 
4.5% of sea level takeoff thrust. In addition, the higher combustor inlet 
temperatures and pressures associated with this higher-pressure-ratio cycle 
result in higher NOx emission levels than would be expected with the orig-
inal QCSEE cycles, making the EPA NOx emissions standard more challenging. 

Table XXII shows the CO, HC, and NOx emission levels of the single-
annular combustor in terms of the EPA parameter compared to the program goals. 
As is Shown in the table, the combustor did not meet the program goals for CO 
or NOx emissions with the high-pressure-ratio cycle. Therefore, to meet the 
emissions goals in the short, compact, combustor envelope, a more advanced 
combustor concept was required. 

3.9.2 ,Approach 

The primary approach was to design and develop a double-annular dome com-
bustor, as shown in Figure 92, based on technology developed previously in the 
NASA/GE Experimental Clean Combustor Program (ECCP). Figure 93 shows the much 
smaller size of QCSEE double-annular combustor compared to the CF6-S0 size 
double-annular combustor developed in the ECCP. The QCSEE double-annular dome 
combustor uses many of the features of the CF6-50 double-annular combustor, 
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Table XX. QCSEE Combustor Design Challenges • 

• Meet 1979 CO/HC Emissions Standards with Low Ground Idle 
Combustor Inlet Operating Conditions 

QCSEE CF6-S0 

Combustor Inlet 415K (287 F) 429K (313 F) 
Temperature 

Combustor Inlet I 2.4 Atm. (36 psla) I 2.9 Atm. (43 psla) 
Prellure 

Engine Thrust I 4.0 3.4 
at Idle (% Takeoff) 

• Meet Very Stringent NOX Emissions Goals 

Figure 91. QCSEE Single-Annular, Low-Emissions Combustor. 
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Table XXI. Emissions Program Cycle 

UTW 
Engine 

OTW 
Engine 

Pressure Ratio 14 17 

Pressure, N/cm2 (psi) 143 (208) 172 (250) 

Temperature, K(OR) 684 (1231) 726 (1307) 

CO 
HC 
NOX 

I I: 

Table XXII. QCSEE Single-Annular Combustor. 

• With 4% Ground Idle Thrust 
• With Sectorized Burning at Idle 
• High PIP QCSEE Cycle 
• Jet A Fuel 

Pounds Per 

} 

1000 Pounds 
Thrust 
Per Hour 
Per Cycle 

Conclusion: 

Emissions Status 

7.2 
.6 

3.8 

Emissions 
Program 

25 

245 (356) 

789 (1416) 

Goals 

4.3 
.8 

3.0 

Advanced Combustor Concept Required to 
. Meet Emissions Goals 

GE-1011.164



f-' 
>I:>. 
--l 

Pressure Atomizing 
Fuel .Nozzles 

Outer Dome 
Reverse Flow 

Swirlers 

Inner Dome 
Reverse Flow 

S""irlers 

Quick Quench 
Inner Liner 

Dilution Holes 

Figure 92. QCSEE Double-Annular Dome Combustor. 

GE-1011.165



---,./ CF6-50 

.. QCSEE 

j 
j 
j 
j 
j 
j 
j 

Figure 93, NASA QCSEE Double-Annular Combustor. 

j 
j 
j 
j 
j 

j 
j 
j 
j 
j 
j 
j 

j 
j 
j 
j 

j 
j 
j 

j 
I 

GE-1011.166



such as independently staged domes, counterrotating air-blast swirl cups, and 
pressure-atomizing fuel nozzles. However, a substantial scale-down was needed, 
particularly in length and dome heights, compared to the ECCP design. The 
staged combustor concept permits operation of only the pilot-stage dome, which 
is designed specifically to obtain low CO and HC emissions levels, at the low-
power operating conditions. At the high-power operating condition both domes 
are operated with fuel staging selected to obtain low NOx emission levels. 

3.9.3 Development Program 

The development program was conducted using a sector combustor, shown in 
Figure 94. A disassembled view of this five-swirl-cup, 90° sector combustor 
is shown in Figure 95. The tests were conducted in a rig designed to accept 
the sector combustor and duplicate exactly the flowpath of the FlOl; engine. 
Figure 96 shows a photograph of the test rig with the sector combustor instal-
led. Although the major effort was focused on developing low CO and HC emis-
sions at idle, the NOx emissions levels of the QCSEE double-annular combus-
tor were also evaluated at simulated high-power conditions; however, it was 
necessary to derate the pressure at higher power conditions and to the 
measured NOx emissions for the pressure difference. 

3.9.4 Test Results 

The number and types of combustor development tests conducted in the sec-
tor combustor program and the total number of test conditions at which data 
were acquired for each test category are shown below. 

Number of Test Data 
Points 

Emissions Development 32 310 
Ignition Development 2 26 
Combustor Performance 1 8 
Fuel Spray Development 6 18 

Figure 97 shows the four major categories of combustor configurations 
tested and the key design features of each. As shown in Figure 98, the base-
line configuration exceeded the emissions goals by a large margin. Signifi-
cant improvements were obtained with modified geometry by increasing the 
pilot-zone length in conjunction with cooling- and dilution-airflow modifica-
tions. Even further improvements in CO emissions were obtained by reducing 
the cup spacing in the pilot dome. Reduced cup spacing was obtained by re-
locating the pilot stage to the inner annulus. This configuration produced 
lower CO and HC emission levels than any of the previous configurations. 
The lower CO and HC emissions are believed to result from a reduction or eli-
mination of the quenching regions between swirl €Ups. However, the very low 
CO and HC emission levels occurred at a fuel/air ratio below the QCSEE ground 
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Figure 96. Double-Annular Combustor Test Rig. 
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idle design fuel/air ratio. Therefore, to further reduce the CO emission 
levels at the QCSEE ground idle fuel/air ratio, an improved pilot-stage swirl-
cup design with higher airflow capacity and improved atomization was developed 
as the final design. 

Figure 99 shows the improved pilot swi:rl-cup design and a similar design 
developed for the main stage. These design-improvement features were incor-
porated with the previously developed design, features to obtain the final con-
figuration. Figure 100 shows the preferred sector combustor configuration and 
the key dimensions. 

Table XXIII shows the emissions levels for the final double-annular com-
bustor configuration compared to those expected with the best single-annular 
combustor. Compliance with the program emissions goals, with a ground idle 
thrust of 4.5% takeoff thrust, is projected with this selected configuration. 

The final configuration was also tested to investigate other important 
combustor-performance, characteristics. Figure 101 shows the altitude i.;;ni-
tion results obtained with the final double-annular combustor configuration. 
These tests were conducted with the sector combustor subjected to combustor-
inlet conditions based on the altitude windmilling characteristics expected 
with QCSEE. The Jet A fuel temperatures were maintained at 244 K to simulate 
in-flight conditions. As shown, excellent altitude-relight results were ob-
tained with successful ignition obtained in all regions tested within the 
fl ight envelope. 

Although sector combustors are not generally conducive to accurate mea-
surement of exhaust gas temperature-pattern factors, due to their limited cir-
cumferential size, data were acquired to examine trends. Because of the lim-
ited combustor airflow available for profile control and the very short length 
of this combustor design, it is expected that additional tailoring of the com-
bustor profile would be required before introduction into a production engine. 

In conclusion, it was demonstrated in a prototype sector combustor test 
that a double-annular dome combustor suitable fOr/the QCSEE application can be 
developed which will satisfy the emissions goals of the program at a ground 
idle thrust of 4.5%. Furthermore, the selected final configuration demonstrated 
excellent altitude-relight performance for a combustor at this early stage of 
development. Other performance characteristics of this double-annular design 
will require further dev'elopment before engine testing. 

3.10 ACOUSTIC DESIGN 

A schematic showing the QCSEE noise objectives is presented in Figure 102. 
These objectives are for a four-engine aircraft operating in the powered-lift 
mode from a 6l0-m (2000-ft) runway. The noise levels are those that would be 
heard by an observer on a l52-m (500-ft) sideline parallel to the runway cen-
terline. At takeoff, the noise goal was 95 EPNdB with the engines at 100% 
thrust and on a 12.5° flight path. Under approacn conditions, with the engines 
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Table XXIII. Emission Results for QCSEE Double-Annular Combustor. 

Idle Thrust 

CO 

HC 

NOX 

High PIP QCSEE Cycle 

Double Annular 
Best Single Annular 

with Sector Burn at Idle 

4.0% 4.5% 4.0% 4.5% -
5.6 4.3 7.2 6.7 

.32 .13 .57 .43 

3.0* 3.0* 3.8 3.8 

* Estimated Based on Sector Combustor Results at 
Simulated High Power Conditions 

Goals 

4.3 

Ib/1000 Ib 
.8 Thrust Per 

Hour-Cycle 
\ 

3.0 
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Figure 101. Altitude Ignition Results. 
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Figure 102. QCSEE Acoustic Objectives. 
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developing 65% of takeoff thrust and the aircraft on a 6° glide path, the goal 
was also 95 EPNdB. After touchdown on the 610-m (2000-ft) runway, with the 
engines developing reverse thrust at 35% of takeoff thrust, the noise goal was 
100 PNdB on the l52-m (500-ft) sideline. These noise objectives were very 
challenging; this can be seen more clearly by examination of Figure 103. The 
figure shows the relative decrease in EPNL over the years for the older narrow-
body aircraft, current widebody, next-generation widebody, and finally an Ener-
gy Efficient Engine (E3) powered aircraft. QCSEE powered aircraft that meet 
the 95 EPNdB goal are about 10 EPNdB below the next-generation aircraft. 

These stringent noise goals meant that any noise source on the engine 
which had the potential for contributing to the far field had to be evaluated. 
The sources which were considered are listed below: 

• Fan-inlet-radiated noise 

• Fan-exhaust-radiated nOlse 

• Turbine nOlse 
• Combustor noise 
• Jet/flap nOlse 
• Compressor noise 

• Gear noise 
• Treatment regenerated flow nOlse 

• Strut noise 
• Splitter trailing-edge noise 

The design procedure for each noise constituent was to estimate the level 
by scaling existing test data from similar fan and core engines or by using 
the latest analytical techniques available. These estimated levels were then 
extrapolated to a simulated-flight condition of 6l-m (200-ft) altitude, l52-m 
(500-ft) sideline. Precontract studies had indicated that maximum noise i 

levels would occur with the aircraft at 6l-m (200-ft) altitude during either 
takeoff or approach. As an example the predicted, unsuppressed, fan-exhaust-
radiated noise spectrum for the UTW engine at takeoff is shown in Figure 104. 
This spectrtml was then noy-weighted to determine the frequencies at which sup-
pression or source-noise reduction techniques should be applied for maximum 
acoustic benefit. It can be seen that the second-harmonic tone required more 
reduction than the blade-passing frequency and that, after noy-weighting, 
treatment should be tuned to 2500 to 3150 Hz to provide the best broadband 
suppression. 

A similar procedure was followed for each potential noise source for each 
of the three operating conditions. After several iterations, the levels of 
suppression which were required to meet the noise goals were established. 
Test and component programs were then conducted t9 verify that the required 
levels of suppression could be achieved and that the basic source noise (un-
suppressed) levels were correct. System noise levels were updated and re-
vised continuously as new data became available. 
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3.10.1 Engine Acoustic Features 

Before discussing the component tests which led to the treatment designs, 
the basic acoustic features on each engine will be reviewed. These acoustic 
features can be divided into two main categories: those dealing with reduc-
tion of the source itself and those dealing with the reduction of noise after 
it has been generated. 

UTW features are shown in Figure 105. A fan was se-
lected primarily to keep jet/flap interaction noise as low as possible by re-
ducing the fan-bypass exit velocity. This low pressure ratio also aided in 
keeping exhaust-radiated fan noise low. The fan had a subsonic tip speed of 
290 m/sec (950 ft/sec) at takeoff which eliminated high noise levels from 
multiple pure tones associated with supersonic tip-speed fans. A wide rotor/ 
stator spacing of 1.5 rotor tip chords was selected to lower rotor/stator 
interaction noise. Additional reduction could have been achieved with wider 
spacing; however, an acoustic splitter could achieve the reduction with less 
weight penalty than that associated with a fan frame weight increase due to 
wider spacing. The vane/blade ratio of 1.83 was selected based upon analysis 
to minimize propagation of the UTW fan second-harmonic tone - which makes a 
major contribution to the noy-weighted spectrum. 

A high throat Mach number (0.79) inlet was used to suppress inlet-radi-
ated fan noise at takeoff; wall treatment having a length equal to 0.74 fan 
diameters was added to provide suppression at approach and in reverse thrust. 

Fan exhaust suppression utilized inner- and outer-wall suppression with 
variable-depth, variable-porosity treatment sections to provide wide suppres-
sion bandwidth. Preliminary design studies indicated that wall treatment a-
lone would not achieve sufficient suppression in the length allowable; there-
fore, a 1.02-m (40-in.) acoustic splitter was added to provide the required 
exhaust suppression. Mach number in the fan exhaust duct was limited to 0.47 
to minimize strut noise, treatment regenerated noise, and splitter trailing-
edge noise. Treatment was added to the core inlet to suppress high-frequency 
compressor tones. Fan frame treatment consisted of wall treatment to suppress 
fan tones and treatment on the pressure surface of the 
outlet guide vanes (OGV's) to attenuate high-frequency, broadband, fan noise. 

The single-degree-of-freedom (SDOF) treatment that was specified on the 
UTW was an integral part of the support and load-carrying structure of the 
composite nacelle. 

The engine utilized a "stacked" treatment core suppressor which was 
designed to attenuate both low-frequency combustor noise and high-frequency 
turbine noise. 

In order to maintain commonality, the OTW engine shown in Figure 106 
utilized essentially the same composite fan frame design as the UTW. With 
the 33 vanes and 28 fan blades, the OTW vane/blade ratio is a low 1.18. 
This low vane/blade ratio was a departure from the usual design practice of 
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having a vane/blade ratio value near 2 to cut-off rotor/stator interaction 
noise. It was felt that the wide spacing of 1.93 rotor tip chords for the 
OGV/fan rotor WOUIO reduce rotor/stator interaction noise to the point where 
it would not be a major contributor; thus, there was no need for "overkill" 
by selecting a high vane/blade ratio. 

Other acoustic features of the OTW are very similar to the UTW including 
the treated vanes, "stacked" core treatment, variable-depth and variable-
porosity fan exhaust wall treatment, 1.02-m (40-in.) acoustic splitter, and 
high throat Mach number inlet. At approach and reverse thrust, the OTW inlet 
provides suppression with bulk absorber wall treatment. 

3.10.2 Fan Inlet Design 

Preliminary system studies conducted on both engines indicated that 
achieving a balanced design would require the following levels of inlet PNL 
suppression: 

Takeoff 

Approach 

Reverse Thrust 

UTW 
(PNdB) 

12.8 

6.3 

4.5 

OTW 
(PNdB) 

13 .5 

10.4 

11.5 

These high levels of required suppression could be achieved with a conventional 
inlet; however, with wall treatment only the treated-length-to-diameter ratio 
would be much greater than 1.0 and/or inlet splitters would be required. Pre-
vious experience has shown that large levels of inlet suppression can be 
achieved from high throat Mach number inlets. As shown in Figure 107, which 
compares inlet-noise-reduction concepts, takeoff suppression can be achieved 
with a treated high throat Mach number inlet. At approach and reverse thrust, 
suppression is achieved with the wall treatment only since the inlet Mach num-
ber is much lower. 

In order to demonstrate that the high levels of inlet suppression can be 
achieved, a scale-model test program was conducted in the General Electric 
anechoic chamber shown in Figure 108. The anechoic chamber can handle models 
for inlet-radiated-noise studies or for exhaust-radiated noise as will be dis-
cussed later. The models are powered by a 1.86-MW (2500-hp) drive system. 
Physical dimensions of the chamber are approximately 10.7 m (35 ft) long by 
7.6 m (25 ft) wide by 3 m (10 ft) high with microphones located at model-
centerline height on a 5.2-m (l7-ft) arc. 

An exact scale model of the UTW fan was used for these studies. It was 
5.8 cm (20 in.) in diameter and could be manually adjusted for various blade 
angles including those required to demonstrate reverse thrust. Test objec-
tives are summarized below: 
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Figure 107. QCSEE In1et-Noise-Reduction Concepts. 
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Forward Thrust 

• Define unsuppressed spectrum and level 
• Define suppression due to high throat Mach number 
• Define suppression due to treated wall 

Reverse Thrust 

• Define unsuppressed spectrum and level 
• Define suppression due to treated wall 

Figure 109 presents the variation in inlet noise with throat Mach number and 
the PNL suppression that was achieved. These results indicate that the UTW 
takeoff suppression requirement of 12.8 PNdB could be met at an average throat 
Mach number of 0.79. The suppression due to high Mach number alone was about 
10 PNdB with the wall treatment adding almost 3 PNdB. 

In reverse thrust, the model tests indicated (as shown in Figure 110) 
that the objective level of suppression could be achieved; however, the 
unsuppressed levels were higher than expected. As will be shown later, this 
fact resulted in the UTW system-noise estimate in reverse thrust being re-
vised to be above the goal of 100 PNdB. 

Both inlets, as finally designed, are shown schematically in Figure Ill. 
Both are high throat Mach number inlets designed to achieve takeoff suppres-
sion at a 0.79 throat Mach number. The treated-length-to-diameter ratio was 
0.74 for both inlets. Wall treatment utilized on the inlets is shown sche-
matically in Figure 112. The UTW utilized single-degree-of-freedom resonator 
treatment with a faceplate porosity of 10% and cavity depths ranging from 1.2 
cm (0.5 in.) to 3.9 cm (1.5 in.). A bulk absorber type treatment was incor-
porated into the OTW inlet to provide wider bandwidth suppression. The bulk 
absorber consisted of seven compressed layers of a Kevlar material. It was 
a constant depth of 2.54 cm (1 in.) with porosity of 14% over the first half 
and 22% over the latter half. Although a scale model of the OTW fan was not 
tested, the inlet design was based upon General Electric experience from pre-
vious tests and consideration of the results of UTW model tests. 

3.10.3 Fan Exhaust Design 

As pointed out earlier in Figures 105 and 106, the engine designs incor-
porated both source-noise-reduction techniques apd significant amounts of 
acoustic treatment to reduce exhaust-radiated noise. Source-noise-reduction 
techniques and treatment configurations were on the basis of past 
experience and the results of testing a low-pressu're-ratio, variable-pitch, 
model fan (NASA Rotor 55) in the General Electric anechoic chamber. A photo-
graph of the model as installed in the exhaust mode is shown in Figure 113. 
Testing evaluated such source-noise-reduction concepts as optimizing vane/ 
blade ratio to minimize second-harmonic-tone propagation, rotor/stator spac-
ing, and rotor/OGV treatment. 
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The vane/blade ratio study was conducted at two different rotor/stator 
spacings. As shbwft in Figure 114, the data at 0.5 chord spacing indicates 
a second-harmonic SPL minimum at a vane/blade ratio of 1.88. At the wider 
spacing of 1.5 chords, the data do not show this because the rotor/stator in-
teraction noise is masked by rotor noise caused by turbulence generated up-
stream of the rotor. the close spacing, rotor/stator noise is dominant, 
allowing us to see the second-harmonic minimum. 

A series of spacing tests from 0.5 chords to 2.0 chords was conducted. 
Figure 115 is a comparison between the measured levels and the sum of pre-
dicted rotor/stator interaction noise and rotor/turbulence noise at each 
spacing. This was done at the optimum vane/blade ratio. Excellent agree-
ment between predicted and measured data is evident. 

Tests of treatment between the rotor and OGV indicated that 4 to 5 dB 
suppression could be achieved at the blade-passing frequency. Accordingly, 
the fan frame was designed to incorporate rotor/OGV treatment. 

The model fan had the capability to test up to four axial sections of 
treatment in the exhaust mode. Various combinations of faceplate porosity, 
treatment depths, and axial deployment were evaluated. Suppression results 
from one of those configurations are represented in Figure 116. Note the 
axial variation in treatment depth and faceplate porosity. The results in-
dicate that such an orientation achieves higher suppression above the peak 
tuning frequency than one would predict from summing the suppressions of the 
individual panels. On the basis of these results, design curves for the en-
gines were changed to account for this higher level of suppression with vari-
able-depth, variable-porosity treatment. 

A schematic of the exhaust treatment design for the UTW, is presented in 
Figure 117. OTW engine exhaust treatment was very similar. All the suppres-
sion material was the single-degree-of-freedom resonator type shown in Figure 
118. Fan frame treatment between the rotor and OGV was tuned to the blade-
passing frequency of each engine and had a faceplate porosity of 10%. Fan-
bypass wall treatment depths varied from 1.9 cm (0.75 in.) to 5.1 cm (2.0 in.) 
and porosities from 15 to 22%. Splitter length of 1.02 m (40 in.) included 
single-degree-of-freedom treatment of 1.27 cm (0.5' in.) with a porosity of 
11.5%. Although a scale-model test with treated vanes was not conducted, de-
sign studies indicated a potential for reducing high-frequency, broadband 
noise; thus, the pressure surface of the OGV's was, treated on the full-scale 
engines. The resulting suppression spectrum for the UTW aft-radiated fan 
noise, utilizing the treatment of Figure 117, is shown in Figure 119. Such 
a suppression spectrum would achieve 13.4 PNdB of aft-fan-noise suppression 
at takeoff on the UTW. 

3.10.4 Core Suppressor Design 

The QCSEE core exhaust provides a rather severe problem in acoustic-sup-
pression design. The unsuppressed source-noise spectrum has both high-fre-
quency, broadband noise from the turbine and low-frequency, broadband noise 
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from the combustor. To attain any meaningful noise reduction, the suppressor 
must attenuate both the high- and low-frequency noise levels. Physical con-
straints on the engine prevented sufficient &uounts of thick (low frequency) 
and thin (high frequency) treatment from being installed in tandem to give 
adequate suppression. It was decided to adopt a new concept as shown in Fig-
ure 120 and. employ a "stacked" treatment design. In this concept, the thin 
turbine treatment is placed along the duct walls. Thick combustor treatment 
is then placed behind this turbine treatment and communicated to the duct by 
means of tubes passing through the turbine treatment. Figure 121 shows the 
treated QCSEE core plug. Note the larger diameter hules which communicate to 
the combustor treatment. 

A model of this advanced concept was built tested in the General 
Electric High Temperature Duct Facility. Results from these tests are shown 
in Figure 122; they indicate that the stacked treatment would provide the 
required levels of suppression of 5.1 and 9.89 PNdB in the low- and high-
frequency regimes. 

3.10.5 QCSEE UTW System Noise Predictions 

Since the engine noise levels were to be measured during static testing, 
a procedure for determining in-flight noise levels from static data was 
completed as a part of the design effort. This procedure includes the 
following: 

• Jet/flap noise-calculation procedure 

.• Extrapolation procedures 

• Corrections for engine size 

• Doppler shift corrections 

• Corrections for number of engines 

• Dynamic effect correction 
\ 

• In-flight clean-up and up-wash-angle correction 

• Relative velocity correction for n01se 

• Fuselage shielding and OTW shielding 

• PNL to EPNL calculation 

Calculated jet/flap interaction noise was used to replace the jet noise 
on the static engine; however, an advanced-technology allowance was assumed 
on jet/flap noise of 3.5 PNdB on the UTW and 2.5 PNdB on the OTW to account 
for anticipated reduction in jet/flap noise by the 1980's when QCSEE-powered 
aircraft might be flying. 
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System noise levels for the UTw QCSEE are,presented in Figure 123 at the 
takeoff condition. Unsuppressed noise is dominated by the fan in both the for-
ward and aft quadrants. The suppressed levels are balanced between fan, jet/ 
flap, and combustor noise in the aft quadrant and dominated by jet/flap noise 
in the forward quadrant. The predicted EPNL for the four-engine UTW configura-
tion at takeoff is 93.6 EPNdB compared to the goal of 95.0 EPNdB on a l52-m 
(SOO-ft) sideline. 

To obtain 65% of takeoff thrust at approach, the UTW QCSEE with its vari-
able-pitch fan may be operated at a variety of fan speed, blade-pitch angle, 
and fan-nozzle-area combinations. For these acoustic predictions, the fan 
speed was held at a takeoff speed to minimize engine-response time in the event 
of a waveoff during landing. Fan nozzle area was wide open to lower jet ve-
locity, and hence jet/flap noise, and the blade-pitch angle was closed down to 
give the required thrust. In such a mode of operation, unsuppressed noise, 
Figure 124, is dominated by fan noise in both the forward and aft quadrants. 
Suppressed, the forward quadrant is dominated by fan noise while the aft quad-
rant has a balanced design with fan, combustor, and jet/flap noise about the 
same level. Estimated EPNL for approach is 93.3 compared to the goal of 95.0 
EPNdB. 

In reverse thrust, Figure 125, the UTW noise levels are dominated by the 
forward-quadrant fan noise both unsuppressed and suppressed. These levels, 
based on the SO.S-cm (20-in.) model tests, indicate that in reverse thrust the 
engine will be 103.9 PNdB on a lS2-m (SOO-ft) sideline or 3.9 PNdB over the 
goal of 100 PNdB. It would be difficult to obtain more fan-inlet suppression 
without degrading the suppression at takeoff and approach and eroding the mar-
gin present at those conditions. This treated, composite-nacelle design pro-
vides the most balanced approach to meeting the three noise goals. 

3.10.6 QCSEE OTW System Noise Predictions 

System-noise levels for the OTW QCSEE were also predicted. At takeoff 
(Figure 126), unsuppressed fan noise controls forward and aft quadrants. In 
the suppressed configuration, fan and jet/flap noise are about the same level. 
The resulting system EPNL is 95.4 EPNdB, only slightly above the goal of 95. 
Any reduction to lower the level to 95.0 EPNdB must include jet/flap noise 
reduction since it is a major contributor. 

At approach (Figure 127), fan suppression has lowered the dominant unsup-
pressed fan noise to the level of jet/flap noise. These two sources, suppres-
sed fan and jet/flap, combine to give a predicted EPNL of 90.0 EPNdB which is 
we 11 under the goal of 95. O. 

For reverse-thrust operation, the OTW engine utilized a target reverser. 
General Electric had conducted tests on a 1/6 scale model of the OTW target 
thrust-reverser system. On the basis of these tests, it was realized that the 
jet noise levels of the target reverser were much higher than anticipated, and 
only a reduction ia fan pressure ratio was likely to produce a significant re-
duction in reverse-thrust noise. With this in mind, the predicted OTW reverse-
thrust noise level in Figure 128 is 106.4 PNdB or 6.4 PNdB above the goal. 
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4.0 ENGINE TEST RESULTS 

This section presents and discusses the results of testing UTW and OTW 
propulsion systems. All testing was conducted at General Electric's Peebles, 
Ohio outdoor test site 4D. This site includes an overhead engine-support 
structure with all necessary fuel, lubrication, air, and electric facilities. 
An adjacent control room is linked to the Evendale computer by an automatic 
data-handling system using leased telephone equipment. The test site includes 
an acoustic field for recording far-field acoustic data over a 150 0 arc. 

The history of UTW testing is summaried in Table XXIV. Testing was 
initiated on 2 September 1976 with boilerplate nacelle components and using 
the cam/harmonic pitch-actuation system. Mechanical and performance testing 
was completed except for the planned reverse-thrust test. During this phase 
of testing, an exhaust nozzle support-ring attachment failure occurred, allow-
ing one nozzle flap to be drawn into the engine and causing secondary damage 
to the fan blades. 

Damaged parts were repaired or replaced, and the engine was reinstalled 
in September 1977 for completion of the test program. The second installa-
tion included the ball spline pitch-actuation system and the entire composite 
nacelle. Planned testing, including acoustic measurements, was completed in 
July 1978. The engine was then refurbished and delivered to NASA for further 
testing at the Lewis Research Center. 

The history of OTW testing is summarized in Table XXV. The entire 
test program was conducted on this engine between 6 April and 9 June 1977. 
All testing included the boilerplate nacelle and "D" shaped exhaust nozzle. 
The OTW engine was refurbished and delivered to NASA in July, 1977. 

4.1 OVERALL ENGINE PERFORMANCE 

4.1.1 UTW Performance Test 

Figure 129 shows the UTW engine as it was initially tested with a bell-
mouth inlet for airflow calibration and to establish uninstalled performance 
levels with essentially 100% ram recovery. The high throat Mach number inlet, 
shown in Figure 130, was then used to determine installed performance with 
realistic induction losses. 

Measured uninstalled thrust with the bellmouth inlet is shown on Figure 
131 as a function of airflow for operating' lines established by four fan-
exhaust-nozzle areas. Points along each operating line represent various 
combinations of blade angle and fan speed that can pump the indicated airflow. 
Thus, the curve is independent of blade angle and speed. The goal thrust level 
could be reached with a variety of settings of the controlled parameters. 
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Table XXIV. UTW Test History. 

Boilerplate Nacelle, Cam-Harmonic Pitch Actuation 

47 Hours (9/2/76 - 12/17/76) 
• Mechanical and Controls Checkout 
• Aero Performance Mapping - 8ellmouth Inlet 
• Performance Ratings - High Mach Inlet 
• Reverse Thrust Test (Incomplete) 

Composite Nacelle, Ball Spline Pitch Actuation 

106 Hours (9/8/77 - 4127/78, 7/13/78 - 7/21/78) 
• Mechanical and Performance Checkout 
• Acoustic Baseline - Belimouth/Hardwall 
• Suppressed Acoustic Test - High Mach Inlet, Treatment 
• Reverse Thrust Performance and Acoustics 
• Acoustic Technology and Control Tests 

Table XXV. OTW Test History. 

Boilerplate Nacelle 

58 Hours (4/6/77 - 6/9/77) 
I 

• 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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Figure 130. UTW Experimental Propulsion System 
Test Installation. 
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Figure. 131. UTW Measured Thrust, Bellmouth Inlet. 
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Figure 132 shows the same parameters, thrust versus airflow, but at a 
constant 97% corrected fan speed. Curved lines represent three fan-blade 
angle settings. The sensitivity of thrust to blade angle is apparent in the 
three settings. No data points are shown, but the curve represents the best 
fit of all the data, crossplotted to eliminate scatter. The goal thrust 
was reached at this fan speed with about 4° open blade setting over a more 
limited range of nozzle areas. 

Typical sfc buckets are shown on Figure 133, ag3in as a function of the 
same three blade-angle settings. The curve shows that at an open-pitch setting of 
about 4°, the sfc goal can be met at rated thrust. Since acoustic data did 
not indicate a significant difference in noise signature over a limited 
range of fan-blade angles, the rating point was selected at 97% rather than 
100% corrected speed and at the slightly opened pitch setting. Installed 
data with the high throat Mach number inlet yielded similar results but with 
thrust levels slightly reduced by the lower ram recovery of the flight-design 
inlet. 

Figure 134 shows the UTW engine with the exhaust nozzle in the flared 
position, acting as an inlet for reverse-thrust testing. The engine was 
started and accelerated with the blades at the reverse setting, so no 
transitions were made from forward to reverse. 

Figure 135 shows the reverse-thrust performance with the blades set 95° 
and 100 0 open. Blade-angle movement to these open angles indicates passage 
through aerodynamic stall rather than through flat pitch. This was the direc-
tion indicated by the scale-model fan test to provide the greater reverse 
thrust. The open 95° position is nearer to the stall line and produced a 
higher thrust per pound of airflow, but in both cases the turbine discharge-
temperature limit was reached before the 35% reverse-thrust goal was achieved. 

It was thought that the acoustic splitter might be channeling the flow 
in the outer annulus of the duct and increasing the pressure loss into the 
core, so a run was made with the splitter removed. This did increase the 
reverse thrust by about 2%, but again the turbine discharge limit prevented 
reaching the goal. Further work would be required to increase the reverse-
thrust capability. 

Table XXVI summarizes the UTW performance goals and the demonstrated 
performance levels. The engine met both the uninstalled and the installed 
forward-thrust and sfc goals. The reverse-thrust goal was not reached, as 
noted above, because operational limits were reached first; however, it did 
produce a potentially useful amount of reverse thrust. Aircraft studies 
indicated that the 27% reverse thrust achieved with the 100° open blade 
setting may be acceptable for stopping the airplane on a 915-m (30aO-ft) 
runway. 
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Figure 134. UTW Reverse-Thrust Test. 
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Table XXVI. UTW Measured Performance, Sea Level Static, 
305.5 K (90 0 F) Day. 

Goal UTW Engine 
Forward Mode 

• Uninstalled Thrust 81.4 81.4 
kN (1b) (18,300) (18,300) 

• Uninstalled SFC, 0.0096 0.0096 
g/sN (Ib/hr/lb) (0.34) (0.34) 

• Installed- Thrust, 77.4 77.4 
kN (Ib) (17,400) (17,400) 

• Bypass Ratio 11.8 11.6 
• Cycle Pressure Ratio 13.7 15.2 

Reverse Mode 
• Installed Thrust, 35 27 

% Max FWd. 

GE-1011.222



4.1.2 OTW Performance Test 

Figure 136 shows the OTW engine which was also tested with both the bell-
mouth and boilerplate high throat Mach number inlets. 

Measured axial thrust values are shown on Figure 137 as a function of 
corrected airflow. The effect of side-door setting on exhaust-nozzle area 
is apparent in the three different operating lines. Data include both inlet 
configurations; fan inlet pressure has been corrected to sea level. Excel-
lent agreement is shown between the two inlets. 

The "D" shaped exhaust nozzle was designed to turn the exhaust down over 
the wing/flap surface. Since the thrust meter was capable of reading the 
horizontal component only, goals were based on an equivalent conical exhaust 
nozzle having a velocity coefficient of 0.995. 

Figure 138 shows specific fuel versus equivalent-conical-
nozzle thrust for the same nozzle areas. The areas corresponding to 11-1/2° 
and 25° side-door settings are seen to meet the thrust goal and to better 
the sfc goal by about 3%. The 25 0 setting was selected for establishing 
the rating. 

The exhaust nozzle was run in the inverted position so that, in the 
reverse-thrust configuration, the jet efflux would be directed forward and 
into the ground rather than'into the overhead test facility and instrumen-
tation lines. To avoid reingestion of hot exhaust gases and kicked-up debris, 
a long reingestion shield was used as shown in Figure 139. The effect of the 
shield on thrust-meter reading was first calibrat'ed in the forwar-d-thrust 
mode to establish a correction for the reverse-thrust data. 

Figure 140 shows the measured axial component of reverse thrust as a 
function of airflow for the two blocker-door angles tested. While both 
angles exceeded the desired 35% reverse thrust, pressure loss in the turn was 
greater than expected. This caused a back pressurizing of the fan and re-
quired a greater fan speed than expected. Although the 115 0 blocker angle 
produced more turning, and more reverse thrust per pound of airflow, it also 
produced a higher pressure loss. Both angles required 82% corrected fan 
speed to reach the 35% thrust goal. The turning loss could be reduced by 
increasing the bypass-duct area and lowering the Mach number entering the 
turn. This would have a beneficial effect on reverse-thrust noise by re-
ducing both the jet velocity and the fan speed. 

The OTW engine met its uninstalled and installed forward-thrust goal 
and exceeded its reverse-thrust goal and sfc goal as shown in Table XXVII. 

4.2 FAN AERODYNAMIC PERFORMANCE 

4.2.1 UTW Fan 

Full-scale fan performance was evaluated during tests of the UTW demon-
strator engine. The engine, shown during build-up in Figure 141, was fully 
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Figure 136. OTW Experimental Propulsion System Installation. 
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Table XXVII. OTW Measured Performance, Sea Level Static, 
305.5 K (90 0 F) Day. 

(Based on Equivalent Conical Nozzle, CV = .995) 

Goal OTW Engine 

Forward Mode 
Uninstalled Thrust, kN (Ib) 93.4 93.4 

(21,000) (21,OOO) 
Uninstalled SFC, g/sN (Ib/hr/lb) 0.0102 0.0099 

(0.36) (0.35) 
Installed Thrust, kN 90.3 90.3 

(20,300) (20,300) 
Bypass Ratio 10.2 10.3 
Cycle Pressure Ratio 15.5 17.2 

Reverse Mode 
Installed Thrust, % Max FWd. 35 35 
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instrumented for performance testing, and data were recorded both in forward-
and reverse-mode operation. Since all tests were conducted at sea level 
static inlet conditions, emphasis was placed on determining performance on 
lower operating lines near the takeoff power setting. 

Fan bypass-stream performance in the forward mode of operation is shown 
in Figure 142. All data points are at the objective takeoff corrected speed, 
9S% of the aerodynamic design value, and are at three different rotor-pitch-
angle settings. The solid speed lines in the background indicate performance 
measured during scale-model tests. The full-scale fan performance on the 
engine was very close to that expected as a result of the scale-model tests; 
efficiency appeared to be slightly better than in the scale model, especially 
with the rotor closed So. Full-scale fan tests confirmed that the fan take-
off-flow and pressure-ratio goals could be met at 95% 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 9S% corrected speed for the same three 
pitch angles is shown in Figure 143. In the engine tests, fan hub data were 
recorded at the inlet of the core engine rather than behind the fan inner 
stator, and (thus) stator exit total pressure was· reduced by an estimated 1.S% 
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 80% rather than being in the low 70's as shown in Figure 
143 for the overall hub compression. As shown in the figure, the fan hub per-
formance in the engine was better than in the scale-model tests, particularly 
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 aeroperformance instrumentation installed. The 
results are shown in Figure 144 plotted ;:)s overall pressure ratio from atmos-
pheric 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; 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 fan overall pressure ratio was 
noticeably lower than expected for the engine. Since the inlet pressure was 
taken as atmospheric, higher flow-induction losses in the exhaust duct would 
have contributed to the low apparent fan pressure ratio. Limited traverse 
data taken in the aft engine duct during reverse-thrust operation indicated 
that pressure recovery was 1 to 2% lower than measured 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 
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other factor may have affected the size of the stagnant-flow region along the centerline of the engine inlet, thus altering the effective discharge area of the fan. possible causes of this effect include differences in the ratio of core-engine flow to fan flow and differences in fan rotor hub plat-form shapes. Although insufficient data were recorded during engine tests to resolve this question, it is an area that deserves further testing and analysis since it directly affects the ability to predict the reverse-mode performance of this type of fan. 

Although fan pumping in reverse mode was less than expected, the system was able to produce 27% of takeoff thrust in reverse, compared to the goal of 35%. While less than the goal, this leyel of reverse thrust is believed to be sufficient for many applications. 

4.2.2 OTW Fan 

Fan performance was evaluated during tests of the OTW 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 Figure 145. A full complement of fan-performance instrumentation was installed during the engine tests. 

Fan bypass-stream performance data from the engine tests are shown Figure 146. At 100% design corrected speed, the fan exceeded flow and pressure-ratio goals by 2 to 3%. The 86.5% bypass-stream efficiency goal for the demonstrator 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 encountered. It was thus not possible to determine if the fan was able to meet the stall margin objectives, although 10% stall margin was demonstrated at 95% corrected speed. 

Fan hub performance results are shown in Figure 147. These were based on measurements recorded at the core-engine inlet, so the design objective pressure 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% 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. 

4.2.3 CONCLUSIONS 

The OTW and UTW fans both performed satisfactorily during sea level enzine tests, and most of the fan aerodynamic-performance goals established for the demonstrator engine programs were met. Some further development of the UTW fan would be required to meet altitude-cruise performance goals, and 
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the reduced pumping of this fan during engine reverse-mode tests needs to be 
understood and improved. Important advances in fan aerodynamics were demon-
strated during the QCSEE program, and these advanced fan features can be used 
with confidence in future turbofan engines for short-haul aircraft. 

4.3 MECHANICAL PERFORMANCE 

4.3.1 COMPOSITE FAN BLADES 

Although it was recognized that the QCSEE composite blades were not 
flightworthy, because of insufficient FOD resistance, they were judged to 
be suitable for development engine testing. 

The blades performed acceptably during experimental engine test. The 
steady-state stress levels were low, and there were no indications of tor-
sional instability .. The only problems encountered were that the blade 
vibratory-stress levels exceeded scope limits at .. the 2 per rev/first-flex 
crossover, and high first-flex vibratory stress.es were also noted due to 
crosswind and tailwind test conditions at speeds above the 2/rev crossover. 
It should be pointed out that the scope limi ts defined for the composite 
blade were very conservative, and no blade delamination occurred. Further, 
the OTW titanium blades were also excited by crosswinds and tailwinds, 
although they remained well within established scope limits. 

4.3.2 Variable-Pitch Actuation Systems 

The Hamilton Standard cam/harmonic and the General Electric ball spline 
systems were both engine tested. Figure 148 shows the fan rotor with the 
cam/harmonic system installed. Clearly visible are the nested lever arms and 
the spherical cam that drives the blades in unison as the cam rotates with 
respect to the fan disk. 

The cam/harmonic system completed 47 hours of engine testing. It 
accurately positioned the fan blades at lower speeds, but could not move 
the blades against the load when operating above 85% fan speed. Since this 
system handled the simulated blades during whirl-rig testing, it was con-
cluded 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 actu-
ated the blades at all speeds. There was an indicated 1.3 0 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. 
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Figure 148. Fan Rotor with Cam/Harmonic System. 
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4.3.3 Main Reduction Gear 

Figure 149 shows the UTW reduction gear, including the fan pitch-change-
mechanism support, installed in the engine but the fan shaft and ring 
gear removed. 

There were no operational problems with either the UTW or the OTW gear-
sets during engine operation. The indicated reduction gear efficiency of 
97.7% in the engine was somewhat 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 oil and oil-flow distribu-
tion from several sources within the engines. It is believed some develop-
ment effort related to the placement of the oil supplied to the gears and 
the scavenging characteristics both within and surrounding the gearset can 
improve the efficiency to a value even better than that previously 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 UTW reduction gearset was inspected at an interim point in the 
engine operation. All parts passed Magnaflux 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. 

Neither engine was disassembled following the completion of testing; 
consequently, further gear inspections have not been possible. However, 
at this time, over 40 hours of additional testing of the OTW engine have 
been done at Lewis Research center with no gear problems. 

4.3.4 Composite Frame 

The two composite fan frames built under this program were used 
throughout the engine-test phase of the UTW and the OTW engines. No struc-
tural 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; adequate sealing of all the penetrations for lines and 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. 
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4.3.5 Composite Nacelle 

The composite nacelle components'were run on the UTW engine with the 
following resulta: 

• No problems were encountered with the inlet. 

• No problems were encountered with the inner core cowl. 

• No problems were encountered with the outer fan cowl. 

• No problems were encountered with the fan when it was 
installed on the composite outer cowl; however, this nozzle was 
also used on the boilerplate outer coWl where the hinge ring was 
bolted to the rear of the outer cowl rather than being bonded in. 
This hinge ring a poorly bolted joint to the 
boilerplate outer cowl) came off during reverse-thrust testing, 
terminating the boilerplate nacelle tests. 

• No environment degradation was noted during engine operation. 

4.4 CONTROL SYSTEM TEST RESULTS 

4.4.1 UTW Engine 

Several control-system experiments were conducted during the overall 
engine test program. As noted' earlier, the system is designed to hold the 
inlet throat Mach number constant at high power settings by variation of the 
fan nozzle area. Figure 150 shows the results of an inlet Mach number con-
trol experiment. The figure shows the results of a slow power increase. 
The control system inlet Mach number reference was set at 0.75. 
As the power setting was increased, the fan nozzle automatically closed to 
maintain the inlet Mach Number essentially constant at 0.75. 

Figure 151 shows the results of a fan-speed control experiment. As 
noted earlier, the digital control will automatically vary fan pitch angle to 
hold fan speed constant. In this experiment the fan speed reference was set 
at 2985 rpm. As the power setting increased to demand a higher thrust 
level, the fan pitch automatically opened to hold the fan speed essentially 
constant. Actual fan-speed variation was approximately plus or minus 0.5% 
during the power advance. The fan pitch changed from approximately 2° 
closed to 3° open during the power change. The nonlinearity in pitch angle 
change between 85% and 90% power demand is associated with an interaction 
between the fan pitch and fan nozzle control systems. Between 85% and 90% 
power demand, the fan nozzle opened to the maximum open area, and a 
relatively large pitch-angle change was required to maintain fan speed. 
Above the 90% power setting the nozzle closed, and smaller changes in 
pitch angle were required to maintain control of fan speed. 
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Figure 152 shows the results of another experiment on inlet Mach number 
control. In this experiment, the engine power demand was held constant, and 
the desired inlet Mach number reference was varied. As the inlet Mach number 
reference in the digital control was changed by an on-line adjustment, the 
fan nozzle opened to hold the requested inlet Mach number. 

Recorded data were examined to determine the steady-state stability of 
the control system when it was operated with the closed-loop controls noted 
above. Throughout all of the closed-loop operation the steady-state sta-
bility of the controlled variables (pressure ratio, inlet Mach number, fan 
speed) was excellent. Table XXVIII shows typical steady-state stability 
results. 

Sensor accuracy is an important element in the engine control system. 
To evaluate this element, data measured by the engine control-system sensors 
were compared to data measured with the experimental engine instrumentation. 
Table XXIX shows the results of a comparison of digital control sensors and 
engine instrumentation. 

Summary - A multivariable digital control system was designed and 
engine-tested in the UTW QCSEE program. During the engine-test program, 
accurate and stable control was achieved in all modes of operation. Closed-
loop control was demonstrated on an engine pressure-ratio/fuel-flow loop, 
inlet Mach number/fan-nozzle-area loop, and a fan-speed/fan-pitch loop. 
The digital communication link between the engine control and the engine 
control room was demonstrated, and accurate steady-state sensor performance 
was obtained. 

4.4.2 OTW Engine 

As noted earlier, the OTW digital control varied engine fuel flow to 
hold a scheduled corrected fan speed. Figure 153 shows typical engine-test 
data. As noted on the figure, scheduled and measured speed are nearly iden-
tical. Examination of recorded data also revealed excellent steady-state 
fan-speed stability. 

A second primary function of the digital control was to schedule the 
variable compressor Figure 154 shows the steady-state schedule and 
typical data recorded during the engine test program. It should be noted 
that the corrected core speed is based on a calculated compressor-inlet 
temperature. 

One task of the propUlsion control system is to prevent the engine 
from exceeding physical operating limits. One engine limit incorporated In 
the digital control memory was turbine inlet temperature. Turbine inlet 
temperature was calculated from fuel flow, compressor discharge pressure, 
and compressor discharge temperature. The calculated value of turbine 
inlet temperature was compared to the limit, and fuel flow was adjusted to 
prevent overtemperature. The OTW and UTW control incorporated this function. 
Figure 155 compares on-line turbine inlet temperature calculations by the 
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Table XXVIII. Steady-State System Stability. 

Variation 

• Pressure Ratio <±.05 

• Mach Number ±.005 

• Fan Speed ± 20 RPM 

Table XXIX. Sensor Accuracy. 

% Variation 

Fan Inlet Temperature ±O.2 

CompressorDischargeTemp. __ -1.0 

Compressor Discharge Pressure _ +0.4 

Fuel Flow +1.7 

Inlet Static Pressure +1.0 
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digital control with posttest calculated values of turbine inlet tempera-
ture. The posttest data were calculated from cycle balance, using measured 
steady-state engine data; whereas, the digital control data were continu-
ously calculated from an empirical equation in the digital control program 
memory. At the higher temperature levels, where protection is required, 
the digital control data agree with the posttest data within approximately 
1.5%. Examination of recorded data showed that most of this error was 
associated with an error in fuel-flow measurement. With further develop-
ment of the fuel-flow sensor an on-line, accurately calculated, turbine-
inlet temperature could be implemented in a flight application. 

During the engine test program, the engine was operated on the calcu-
lated turbine temperature limit. The limit level could be varied through an 
on-line adjustment. Engine operation on the limit was stable. 

During the engine start cycle, the control system schedules engine 
acceleration fuel flow to prevent compressor stall. As noted earlier, the 
digital control incorporated the acceleration schedule in a series of poly-
nomial equations. Figure 156 shows a typical start on the OTW engine with 
the full authority digital control. In this figure, the engine is being 
motored at core speed of 4000 rpm, at zero time, on the air starter. At 
approximately 1 second the combustor ignitor is energized, and the fuel stop 
cock is opened. An engine light is achieved in approximately 2 seconds as 
indicated by the rise in turbine discharge temperature. Over the next 25 
seconds, the engine accelerates to idle speed. Through this period, the 
digital control is calculating and implementing the acceleration fuel-flow 
limit. 

As noted earlier, the QCSEE's were required to have rapid thrust-
response capability. Figure 157 shows the thrust-reponse requirement and 
the results of one transient-response experiment. The test results were 
obtained with a 25° core stator reset. As indicated on the figure, the 
experimental engine met the thrust-response requirement. 

Summary - A full-authority, engine-mounted, digital control was designed 
and tested on the OTW QCSEE. During the engine-test program, the digital 
control functioned to provide reliable engine starting; it scheduled fan 
speed and core stator angle accurately. System stability was excellent from 
idle to full power. The calculated turbine inlet temperature concept was 

nna tIl(' control system mnni.plllatpcl the variahles to d0mon-
strate the transient-response requirement. 

4.5 ACOUSTIC TEST RESULTS 

The QCSEE acoustic-test program was conducted to measure the system-noise 
levels of the UTW and OTW engines and to evaluate the component-technology 
features on both engines. Both forward- and reverse-thrust noise levels were 
measured with the engine alone, i.e., without a wing-flap system in place. 
Where possible the component source levels and suppression have been assessed, 
but in some cases the noise reduction achieved by the total system will be 
presented. 
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The UTW acoustic test program was carried out with the composite nacelle 
mounted as shown in Figure 158 on the acoustic 'test pad. The engine center-
line was 3.96 m (13 ft) from the ground. Since data were taken without the 
wing-flap system in place, the noise produced by the jet-flap interaction 
source had to be calculated and added to the measured engine-noise level in 
order to calculate the aircraft system noise for comparison to the program 
noise goals. 

4.5.1 Test Configuration and Measurements 

The five test configurations shown in Figure 159 permitted evaluation of 
the basic UTW engine noise levels as well as assessment of the major noise 
components. The baseline configuration was untreated with the exception of 
the fan frame between the rotor and oevls, treatment on the oevls, and in 
the core compressor inlet. Configuration No.2 was the same as the baseline 
with the exception that the vanes were taped to determine the effect of this 
'treatment. Both of these configurations were run with an untreated bellmouth 
inlet, and the resulting data were used to define the baseline system and fan-
component-noise levels. The fully suppressed nacelle was run both in forward 
and in reverse thrust. Configurations 4 and 5 were tested with the fan-
exhaust splitter and the core suppressor removed, r,espectively, to determine 
the impact of these two suppression elements. All configurations were oper-
ated over a range of engine conditions including speed variation, blade angle 
setting, and nozzle area. 

All noise testing was done on the acoustic pad at the Peebles test 
facility. The ground surface shown in Figure 160 is concrete, but most 
of the testing was carried out with a gravel field surface. Noise measure-
ment instrumentation locations, shown in Figure 161, consisted of a far-
field microphone arc at 46.5 m (152.4 ft) with microphones on (40-ft) 
towers, every 10°. The acoustic directional array, which was used at six 
angles to separate engine sources and aid in component-suppression evalua-
tion, is a highly directional receiver mounted on a movable cart. Internal 
engine instrumentation was also used and consisted of sound-separation probes 
and wall pressure transducers in the fan inlet and fan exhaust ducts. ' 

4.5.2 UTW Results 

Prior to test, the major noise-component spectra were estimated using 
calculation procedures for the jet noise, combustion noise, and turbine 
noise and scaling fan-noise spectra from previously measured fixed-pitch-
fan noise data. Fan pressure ratio and tip speed were the primary scaling 
parameters used to obtain eS,timates of both inlet-radiated and exhaust-
radiated fan noise. Each of these component spectra are plotted in Figures 
162 and 163 at the maximum forward and aft angles of noise radiation for the 
takeoff power setting of the, UTW engine. The heavy line on each plot is the 
logarithmic sum of these individual spectra and is an estimate of the measured 
baseline engine spectra at 46.3-m 052-ft) radius. The symbols on Figure 162 

237 

GE-1011.255



'. '\. 

Fig.ure 158. UTW QCSEE. 

GE-1011.256



l\:) 
W 
t.O 

. I ---. ------- -.--.-.--.-- .. .....--. ...--... 

----- ---------- -- - ----. 

-----

1. Baseline (Untreated Except for 
. Treated Frame and Vane) 

2. Baseline with Untreated Vanes 

3. Fully Suppressed (Forward and 
Reverse Thrust) 

4. Withou.t Fan Exhaust Splitter 

____ , _ i .. ll __ ...... 5. Without Core Treatment 
--------- --

Figure 159. UTW Acoustic Test Configurations. 

.. ----.--_ ....... 

GE-1011.257



Figure 160. Acoustic Test Site. 
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and 163 are the measured data from the baseline test. In general, the mea-
sured levels are on the order of 5 dB higher than expected over the entire 
high-frequency spectrum. Since the system noise above 800 Hz is controlled 
by fan noise, it appears that the estimates based on the fixed-pitch-fan 
data cannot be used to reliably predict variable-pitch-fan designs; i.e., 
solidity, blade number, and perhaps the vane-frame design are probably 
causing this divergence, and the exact cause peeds to be the focus of addi-
tional investigation. 

One of the potential advantages of a variable-pitch fan was thought to 
be the capability to minimize noise by continuously optimizing blade inci-
dence angle and loading over the fan-speed range. Data shown in Figure 164, 
taken at forward and aft max angles, takeoff and approach thrusts, show no 
tendency to identify a minimum noise point. These data represent a range of 
incidence angles and loading large enough to reveal any acoustic advantages 
which might be present. Fan-source mechanisms are many and varied for the 
static test case. For example, one of the major noise-source mechanisms 
statically is known to be the interaction of the rotor with inlet turbulence. 
This source appears to be made up of both a dipole source and a quadrapole 
source; one varies with blade loading, and one is independent of loading. 
If, for this fan design, the dipole, rotor/turbulence interaction source 
controls, then no change with blade angle would occur. In flight, however, 
the ingested turbulence is no longer affected by the contraction ratio of the 
static inlet, and this rotor-turbulence interaction noise is reduced. There-
fore in the flight case the effect of blade angle may be important. 

The inlet design, which has been described previously, is shown in Figure 
165 in cross section. The treatment begins 11.2 cm (4.4 in.) downstream of 
the high Mach number throat and is designed to produce 12.8 PNdB suppression 
at takeoff and 6.3 PNdB suppression at approach, both at the maximum forward-
radiation angle on a l52-m (500-ft) sideline. 

The suppression results of this inlet design are shown in Figure 166; 
the sideline PNL has been plotted as a function of throat Mach number for 
the baseline test and the fully suppressed configuration. (The baseline 
data taken with the cylindrical inlet is plotted at equivale'nt fan rpm points 
since, of course, the inlet Mach numbers are quite low.) Several sets of data 
with different blade angle settings make up the fully suppressed line. The 
indicated suppression at a throat Mn of 0.79 is only 9 PNdB and is changing 
very slowly with increasing throat Mn' This trend is contrary to the scale-
model results, but additional analysis with the directional array revealed the 
problem. Separating the measured spectrum into noise emanating from the inlet 
and noise reaching the forward quadrant, but radiated from the fan exhaust, 
produced the dotted and dashed curves of this figure. It is obvious that the 
aft-radiated noise, which is increasing with engine speed (and Mth), is a 
"floor" to the inlet-noise reduction. The indicated suppression (baseline to 
'''inlet noise") is now seen to be 14.5 PNdB at the design Mach number. 
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The aft treatment design is shown in Figure 167 with the predicted system 
suppression values at takeoff and approach. Due to the large bypass ratio and 
fan diameter, the fan exhaust passage height is 50.8 cm (20 inches). The 
desired fan exhaust suppression required the use of a splitter in this large 
duct. The splitter was removable, and the exhaust suppression was measured 
with and without the splitter in place. The measured system suppression as a 
function of engine thrust at the maximum aft-radiation angle is plotted in 
Figure 168 and shows a value of 8.0 PNdB, roughly constant over the engine 
power-setting range. The suppression spectra, for the splitter-out case 
shown in Figure 169 at takeoff and approach, are in good agreement with the 
prediction but miss the predicted suppression by 2 dB in one critical band 
(2000 Hz). This results in PNL reduction short of the prediction by about 
1.5 PNdB. With the exhaust splitter in place, peak SPL suppression of almost 
15 dB was measured at the 120· far-field position, and this is shown in Figure 
170. In general, the suppression did not meet expectations at the second-
harmonic frequency at approach nor at the fundamental and second-harmonic 
frequencies at takeoff. There appears to be a flanking transmission path 
which prevents the full suppression from being measured, and this is the 
subject of additional data analysis. 

Taping the treatment in the vanes provided an opportunity to evaluate 
the suppression potential of treatment in this location. Total treated area 
is small, about 0.67 m2 (7.2 ft 2), and because of treatment-thickness 
limitations the design frequency was high (about 4 kHz). The measured 
suppression spectrum (Figure 171) in the aft quadrant shows about 2 dB over 
a broad frequency range; this could be very beneficial to engine systems with 
marginal or inadequate suppression. 

The core suppressor for the QCSEE was designed to suppress both high-
frequency, turbine-generated noise and low-frequency, combustor-generated 
noise. Since both of these components are marginal in terms of contribution 
to the total system noise, it was recognized in the beginning of the program 
that it would be extremely difficult to measure the unsuppressed and sup-
pressed levels of these components. If the fan exhaust suppression levels 
are achieved, however, this core noise must be reduced to meet the system 
goals. The difficulty in measurement of the core suppression has been com-
pounded by the fan-source-noise increase (5 dB) which results in aft fan noise 
levels high enough to completely mask the high-frequency core suppression. 
In a similar fashion, low-frequency jet noise masks the low-frequency suppres-
sion of the combustor noise. The comparison of the measured and predicted 
core suppression in Figure 172, therefore, reflects the measurement diffi- . 
culties just described rather than poor performance of the core suppression. 
Additional engine testing is required to confirm the good performance of the 
core suppressor indicated from the component test. 

Reverse-thrust noise testing of the UTW engine was done with two blade 
angles over a range of reverse thrust. The measured max PNL values, shown in 
Figure 173, occurred at an angle of 70° on a l52-m (500-ft) sideline and 
were substantially above the noise goal of 100 PNdB for 35% reverse thrust. 
Maximum reverse thrust achieved was 27%, and at this thrust level the l52-m 

248 

GE-1011.266



l\:) 

CD 

• Predicted Exhaust Suppression 
Takeoff 9.2 PNdB 
Approach 9.6 PNdB 

Figure 167. UTW Exhaust Treatment Configuration. 

GE-1011.267



Perceived 
Noise 
Level, 

Baseline (Frame Treatment Only) 
14,000 16,000 18,OOOlb 

PNdB 

55 60 65 70 75 80 

Thrust, kN 
Fully Suppressed 

Figure 168. Exhaust-Quadrant PNL Variation with Thrust. 

GE-1011.268



tv 
01 
f-' 

/120°1 
_L[ 7_1fr-

Measured 
Predicted 

1/30BSPL 
Suppression, 

4dB 

11 PNdB 
Approach 

4.4 
5.8 

Takeoff 
4.0 
5.4 

• Wall Treatment Only 
20 -I 

Approach 
15 -
10 Predicted .1 __ .. 

11'- - A ,'" Measured -.. 5 

o 

20 I I 
Takeoff 

151 I 

10 I Predicted --+-1 -' --f----+--

51 r-4 

o =7 .. " ,--
100 200 400 800 1600 3150 6300 

Frequency, Hz 

Figure 169. Exhaust-Quadrant System Suppression Spectra, Wall Treatment Only. 

GE-1011.269



1/3 Octave 
Band SPL 

Suppression, dB 

Measured 
Predicted 

Ll PNdB 
Approach Takeoff 

8.0 7.5 
9.6 9.2 

• With Splitter 
20 __ 

Predicted Approach 

Takeoff 

200 400 800 1600 3150 
Frequency, Hz 

6300 12500 

Figure 170. Exhaust-Quadrant System Suppression Spectra, with Splitter, 

GE-1011.270



l\) 
01 
t.) 

1/3 Octave Band 
Sound 

Pressure 
Level 

Suppression, 
dB 

Vane 
Treatment 

1200 

L.# I " --
3 ;-_1 

2 

1 

2.5 3.15 4 5 6.3 8 110 
Frequency, KHz 

Figure 171. Treated-Vane Suppression. 

GE-1011.271



1/3 Octave Band 
SPL 

Suppression, 
dB 

20 

10 

o 
100 

,... 

V V 

>< ) 
X 

200 

V '" t---. - ./" -
) , 

v_ Measured , 
I 

500 1000 2000 5000 

Frequency, Hz 

Figure 172. Core Suppression from Far-Field Measurements, Approach Thrust. 

\ 

10000 

GE-1011.272



'-" U1 
U1 

Perceived 
Noise 
Level, 
PNdB 

152m (500 ft) 'Sideline 
Fully Suppressed 

1101 I . ----- ..",.,.. -- --- ...-

1001- _ - - - lGoal 
Blade Angle 

• 95 0 Open 
.. 

• 1000 Open 

80' J 
10 15 20 25 30 35 40 

, 
Percent of Takeoff Thrust 

Figure 173. Variation of Peak PNL with Percent Reverse Thrust. 

GE-1011.273



(500-ft) sideline noise is 106 PNdB. Although higher than the goal, this 
measured reverse-thrust engine-noise level is consistent with the scale-
model fan data and collectively provides a good data base for future reverse-
pitch-fan noise predictions. 

The UTW engine noise summary in Table XXX shows that the aft-radiated 
engine noise is 9 PNdB higher than the calculated jet-flap component and 
makes a major contribution to the system EPNL at takeoff. The noise goal 
was exceeded by 2.2 EPNdB primarily as a result of the unexpected increase 
in aft fan-source noise. At approach the forward-radiated fan noise is 
slightly higher than expected due to low approach suppression, but the sys-
tem noise misses the goal of 95 EPNdB by only 0.7 EPNdB. 

4.5.3 OTW Results 

The OTW engine was tested in an inverted mode (Figure 174) to permit the 
deployment of the thrust reverser. Acoustic testing was conducted with five 
configurations (Figure 175), starting with a baseline which was untreated 
except for treatment in the frame area and on the vanes. Three forward-
thrust configurations were used to determine system-noise levels and to evalu-
ate component suppression. The hybrid inlet was evaluated without treatment 
in order to determine the acceleration-suppression alone, and a more moderate 
suppression approach was evaluated by removing the aft fan duct splitter and 
the core suppressor. The reverse-thrust noise was measured with the fully 
suppressed nacelle. 

The agreement of the measured inlet-radiated baseline levels with the 
predicted spectrum was excellent as seen in Figure 176. All the major fea-
tures of the dominant fan-inlet noise are seen to be accurately predicted. 
The aft-radiated noise shown in Figure 177 was correctly predicted at blade-
passing frequency, but SPL's at the second harmonic and above are substan-
tially below predictions. The only factor that appears to explain this over-
prediction at high frequency is a very effective suppression characteristic 
for the frame and vane treatment which was not separately evaluated during 
the program. 

The hybrid inlet for the OTW engine, shown in Figure 178, was constructed 
with a bulk absorber material for the treated area. A Kevlar felt covered 
with a perforated plate was used. This very effective treatment was used to 
improve the approach suppression with the hybrid inlet; 13.5 PNdB suppression 
was anticipated at the takeoff power setting. 

The takeoff suppression spectrum, shown in Figure 179, exceeded the goal 
slightly, reaching 14 PNdB at the maximum forward angle and suppressing the 
inlet noise down to the jet-noise floor up to 2500 Hz. Peak suppression at 
blade-passing frequency was almost 20 dB. The suppression was entirely due 
to the acceleration effect since the untreated inlet was identical to the 
treated. At approach, Figure 180, the inlet suppression with the bulk 
absorber is improved over that achieved with the resonator treatment, but 
the OTW inlet did not achieve the predicted suppression. The difficulty 
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Table XXX. UTW Composite Nacelle System Noise. 

Takeoff 
PNL 

Quadrant Total PNL 

System EPNL 

Approach 
PNL 

Quadrant Total PNL 

System EPNL 

Forward Quadrant Aft Quadrant 

Engine Jet/Flap Engine Jet/Flap 

91.7 94.6 99.0 90.0 
"- _----.J '- J 

97.0 99.9 
\ I -97.2 

96.7 89.8 95.6 82.7 

97.9 96.0 , ________ -J 

95.7 
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Figure 174. OTW QCSEE. 
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in this design is not the performance of the bulk absorber as a treatment 
but that the requirement for a high-porosity, perforated face sheet in the 
presence of high subsonic wall Mach numbers tends to generate high-frequency 
broadband noise that reduces the effective suppression bandwidth. In spite 
of this, 7.5 PNdB of inlet suppression with only wall treatment is good sup-
pression performance. 

The measured system exhaust suppression is shown in Figure 181 by com-
paring the baseline and the fully suppressed configurations. The suppressed 
spectrum, which will be shown later, is controlled by jet noise - making the 
measurement of aft suppression very difficult. Less than 5 PNdB of system 
suppression is shown here, and it increases to only 6 PNdB when the calcu-
lated jet noise is removed. The four shaded symbols are reduced by removing 
the calculated jet noise. In Figure 182 the plot of the suppressed and 
unsuppressed spectra shows two reasons for the low measured suppression. 
First, the second-harmonic source level being lower than predicted leaves 
very little tone suppression available. Second, the suppression above 2500 
Hz is effectively zero, and this is the apparent result of a "floor-noise 
source" which prevents the suppression from being detected in the far-field 
measurements. This floor source is apparently boundary-layer noise gener-
ated in the exhaust duct and common nozzle from the high-velocity airflow 
over perforated surfaces. Although the wall Mach numbers were kept as low 
as possible, the calculated levels from flow noise are very close to the 
measured spectrum levels above 2500 Hz. The lack of high-frequency sup-
pression is evident in Figure 183, a comparison of the measured and 
predicted suppression spectra ,at takeoff. The "missing second harmonic" 
in the source spectra produces the discrepancy at 3150 Hz. 

The OTW reverse-thrust test was conducted with the exhaust deflected 
downward and forward, with impingement on the concrete pad, as shown in 
Figure 184. Scale-model testing prior to the engine test indicated that the 
flow-over-the-ground-plane source would not be a major factor in the engine 
reverse-thrust noise measurements. Of greater importance were parameters 
such as lip angle, lip length, and distance of blocker from nozzle exit 
plane. The full-scale engine design incorporated these scale-model results 
to the fullest extent possible consistent with thrust-reverser performance 
and mechanical design. But it was expected, based on the scale-model program, 
that the engine levels would exceed the noise goal by about 6 PNdB. This 
prediction was confirmed by the engine data shown in Figure 185. Based on 
the scale-model tests, lower noise levels could have been achieved with 
larger nozzle-to-blocker spacing and increased reverser lip length, but these 
"noise improvements" could not be incorporated in the current engine design 
because of mechanical-design requirements for deployment and stowage. 

In summary, the calculated system levels shown in Table XXXI for the 
OTW were within 2.2 EPNdB of meeting the system noise goal at takeoff and 
were lower by 0.4 EPNdB than the noise goal at approach. 
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Table XXXI. OTW BOilerplate Nacelle System Noise. 

Takeoff 
PNL 

Quadrant Total PNL 
System EPNL 

Approach 
PNL 

Quadrant Total PNL 
System EPNL 

Forward Quadrant Aft Quadrant 
Engine Jet/Flap Engine Jet/Flap 

94.8 95.8 96.8 93.2 
, I y , I T 

95.4 

99.0 99.1 
\. i y 

89.9 
.I 
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97.2 

90.8 
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I y 
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4.5.4 Sunnnary 

Using the measured engine-noise levels from the program and calculated 
flap noise, contours have been calculated both for UTW- and for OTW-powered 
aircraft. The takeoff and approach flight paths are shown in Figure 186 for 
a 66,700-kg (147,000-lb) TOGW aircraft, along with 90, 95, and 100 EPNdB 
contours. To provide some perspective of how small these noise contours are, 
the 95 EPNdB contour areas are listed in Table XXXII and compared to similar 
areas of two typical narrowbody jets and a widebody aircraft. The contour 
area for the widebody is one-fouth to one-tenth of the narrowbody contour 
while the QCSEE-powered aircraft give another reduction of one-tenth, 
producing 95 EPNdB contours of less than 1.295 km (1/2 mi 2). 

In summary, the noise goals for the QCSEE progam were very challenging, 
representing a noise-reduction-technology step of about 10 EPNdB. Although 
many of the low-noise characteristics of the engines resulted from the basic 
cycle design, several unique noise-reduction concepts have been demonstrated 
which are applicable to many engines, and these represent an improvement in 
low-noise technology. The most difficult aspect of the QCSEE noise goal was 
to achieve simultaneous success with the prediction and suppression of several 
major noise-source components. Simultaneous success was necessary since all 
of these sources were contributors to the suppressed-engine perceived noise 
levels; therefore, missing even one of the component levels jeopardized 
achievement of the noise goals. As a result of this aspect of the program, 
the following list of accomplishments can be placed in perspective. 
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• Takeoff and approach system levels for both engines were within 
2 EPNdB of the l52-m (500-ft) sideline goal of 95 EPNdB. 

• The baseline system noise measurements met or were lower than the 
predictions on the OTW engine. Baseline levels on the UTW engine 
were higher than anticipated, but the program has provided a large 
data base for understanding and predicting variable-pitch-fan noise. 

• The hybrid inlet was successful at takeoff power settings, achieving 
14 to 15 PNdB suppression at the maximum forward angle. This repre-
sents three times the suppression achieved in the past without the 
use of splitters or variable inlet geometry. Up to 7.5 PNdB sup-
pression was measured at approach power; this is an improvement over 
previous designs. 

• Aft fan suppression of 2 dB was demonstrated for treated vanes. 
This is a significant suppression for a very modest amount of 
treated area. 

• Aft fan-duct suppression was as predicted where flanking noise-
transmission paths and/or IIfloor noise sources" didn't prevent 
accurate measurement. 
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Table XXXII. Comparison of Footprint Areas: QCSEE to Typical 
Current Aircraft. 

Aircraft TOGW 95 EPNL Contour Area 

kg (I b) Sq km Sq mi 

707 (Jet) 146,000 (322,000) 66.5 25.66 
DC-9 (Fanjet) 44,500 (98,000) 31.8 12.25 
DC-10-30 (Fanjet) 252,000 (555,000) 9.4 3.57 
QCSEE - UTW 66,700 (147,000) 1.0 0.38 
QCSEE - OTW 66,700 (147,000) 0.8 0.32 
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• The suppression of the unique core-nozzle suppressor, designed to 
attenuate both high-frequency turbine noise and low-frequency com-
bustor noise, was not completely measured due to the masking effects 
of jet noise and duct-flow noise. 

• The reverse-thrust noise produced by both the UTW reverse-pitch fan 
and the OTW reverser was higher than predicted, but again the data 
available from engine and scale-model programs provide the basis 
for more accurate prediction models. 

Finally, from the acoustic technology standpoint, in almost every case 
where component acoustic objectives were not completely met the data and 
understanding of the limiting problems are available and will ensure the im-
provement of similar designs in the future. 

4.6 MEASURED PROPULSION SYSTEM WEIGHT 

The weight of each of the advanced components was measured during 
assembly of the engines. However, the UTW and OTW experimental engines con-
tained a number of differences, from ultimate flight configurations, that 
affected system weight. These included the followipg items. 

In the interest of reducing program cost, a number of material substi-
tutions and fabrication were made in the experimental hardware. 
An example is the use of titanium blades in place of composites in the OTW 
fan. 

Boilerplate nacelle components were built to allow the use of inter-
changeable acoustic treatment and hard-wall panels. The nacelle hardware was 
designed for use on both engines, with some compromise in flowpath and length 
for the OTW engine. 

Both engines were heavily instrumented for experimental testing. A 
photograph of the UTW engine nearing completion of assembly is shown in Figure 
187. The weight of wires, tubes, connectors, rake mounting pads, and slip- ' 
ring supporting structure totaled several hundred pounds in each engine. 

Finally, the engines were designed to meet noise objectives with a 
610-m (2000-ft) runway. As a result of the airline operational scenario 
and the aircraft company design studies, it was determined that a,915-m 
(3000-ft) runway would be a better compromise between aircraft economics and 
ability to operate from small airports. This would be reflected in a 
reduced takeoff power setting for the flight engines, reducing nois? and 
allowing the acoustic splitter and core exhaust nozzle treatment to be 
eliminated with significant weight savings. 

Because of these differences between the experimental and flight-engine 
configurations, it was necessary to modify the actual hardware weight results 
to reflect the equivalent weight of flight engines. 

275 

GE-1011.293



I-' 
00 
-J . 

GE-1011.294

mfimsum:3.S2mbmwsmbmmmadww.



4.6.1 UTW System 

Table XXXIII shows the weight breakdown of the UTW 
and the projected weight of a UTW flight configuration. 
cant differences are as follows: 

experimental engine 
Some of the signi fi-

The FIOl core was designed for a supersonic flight envelope and provided 

excess inlet-temperature capability. The use of more titanium in the compres-

sor and freedom to redesign the turbine frame would save weight as shown. 

The fan rotor utilized a steel shaft, and the reduction gear a steel 

star carrier, for cost saving. Substitution of titanium would save weight. 

The composite fan frame included many shortcuts in fabrication technique, 

material thicknesses, potting and sealing compounds, additional instrumenta-

tion, and service lines. A detailed analysis of the measured frame weight 

showed that a substantial weight saving from the experimental hardware is 

possible, even after adding a metal sump liner to the flight frame. 

Differences in the smaller components are ptimarily a result of using 

special-purpose parts in place of off-the-shelf components. 

Total projected weight of the flight engine is 1436 kg (3166 lb) com-

pared to the actual 1693 kg (3732 Ib) weight of the experimental engine. 

Table XXXIV shows a similar comparison of the nacelle components. The 

major differences here are results of eliminating the acoustic splitter and 

core nozzle treatment. In addition a number of metal inserts for instrumen-

tation rakes and struts could be eliminated. The core cowl could be made in 

two pieces instead of four if a larger autoclave were available. The equiva-

lent flight weight of the composite nacelle is 466 kg (1028 Ib) which, added 

to the engine weight, results in a total propUlsion system weight of 1902 kg 

(4194 Ib). 

4.6.2 OTW System 

Table XXXV shows the OTW engine weight breakdown. Differences between the 

experimental and flight-weight numbers are much like those of the UTW engine 

with one major exception: the titanium fan blades and resulting heavier disk 

are reflected in a much greater saving in fan-rotor weight in the flight 

configuration. 

The OTW nacelle weight is shown on Table XXXVI for the flight engine 

since only boilerplate components were built for this engine. The projected 

flight propulsion system weight is 1980 kg (4364 Ib). 
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Table XXXIII. UTW Engine Weight. 

Experimental Flight 
(kg) (Ib) (kg) (Ib) 

Modified F101 Core & LPT Turbine 663 1461 622 1372 
Fan Rotor 217 478 192 423 
Reduction Gear 93 204 86 190 
Composite Fan Frame 318 702 215 474 
8rgs., Drives & Lube Components 275 607 201 444 
Fuel System 32 70 20 45 
Electrical System 26 58 15 33 
VP Mechanism (8all Spline) 69 152 62 137 
Piping, Wiring and Misc. 36 80 22 48 

Total Engine 1693 3732 1436 3166 
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Table XXXIV. UTW Nacelle Weight. 

Experimental Flight 
(kg) (Ib) (kg) (Ib) 

Composite Inlet 242 533 150 330 
Composite Fan Duct 125 275 91 201 
Composite Flare Nozzle 41 90 30 67 
Composite Core Cowl 69 153 41 91 
Core Exhaust Nozzle 93 206 64 142 
Lube & Hydraulic System 161 354 78 172 
Instrumentation (Approximately) 227 500 11 25 

Total Nacelle 958 2111 466 1028 
Engine 1436 3166 
Propulsion System 1902 4194 
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Table XXXV. OTW Engine Weight. 

Experimental Flight 
(kg) (Ib) (kg) (Ib) 

Modified F101 Core & LP Turbine 663 1461 622 1372 
Fan Rotor 364 802 173 382 
Reduction Gear 90 198 83 184 
Composite Fan Frame 312 687 208 459 
Brgs., Drives & Lube Components 275 607 189 417 
Fuel System 34 74 20 44 
Electrical System 26 58 15 33 
Piping, Wiring and Misc. 36 80 20 43 

Total Engine 1799 3967 1331 2934 
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Table XXXVI. OTW Nacelle Weight. 

Experimental Flight 
(kg) (Ib) 

Composite Inlet I 150 330 
Composite Fan Duct 117 259 
Composite Core Cowl 40 88 G> -Core Exhaust Nozzle as 38 84 -a. ... 
Aft Nacelle 113 250 
"0" Nozzle/Thrust Reverser 

·0 
m 121 266 

Lube & Hydraulic System I 64 140 
Instrumentation 6 13 - -

Total Nacelle 649 1430 
Engine 1331 2934 
Propulsion System 1980 4364 
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4.7 THRUST-TO-WEIGHT RATIO ASSESSMENT 

Thrust-to-weight ratio was evaluated on both an uninstalled and an in-
stalled basis. Table XXXVII shows both goal and projected values. The goals 
were set on the basis of conceptual design studies at the outset of the pro-
gram. The projected numbers have been adjusted to take into account the 
results of actual design and testing experience. This experience has caused 
a small reduction in our expectations, but the absolute levels are still 
relatively high, and the reductions are within the scatter range of such 
predictions. 

To place these installed values in their proper context, the experimen-
tal engine cycles were selected for acoustic and other considerations rather 
than to optimize weight. Large, high-bypass engines generally suffer heavy 
installation penalties. These penalties have been largely offset by the 
lightweight integrated QCSEE nacelle components, with the result that both 
propulsion systems exhibit attractive installed thrust-to-weight character-
istics that are comparable with the best current CTOL propulsion systems. 

Table XXXVII. Thrust-to-Weight Assessment. 

UTW OTW 
N/kg Ib/lb N/kg Ibllb 

Uninstalled 

• Goal 60.8 (6.2) 72.6 (7.4) 
• Projected 56.7 (5.78) 70.2 (7.16) 

Installed 
• Goal 42.2 (4.3) 46.1 (4.7) 
• Projected 40.7 (4.15) 45.6 (4.65) 
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5.0 CONCLUSIONS 

A number of significant conclusions can be drawTt from the results of the 
QCSEE design and development effort. Some of these conclusions apply only to 
short-haul engines, but many are of a general nature applicable to other types 
of advqnced propulsion systems. 

5.1 ENGINE PERFORMANCE 
Since both engines met the forward-performance goals, there should be no 

reluctance to apply very high bypass cycles in cases where the aircraft thrust 
requirements can be matched. Since these cycles have very low fan pressure 
ratio and high thrust lapse, they are most applicable to powered-lift aircraft. 

Because of the use of the FlOl core engine without boost stages, both 
engines exhibited low cycle pressure ratios. As a result, cruise sfc was not 
as attractive as it could be if an advanced-design, higher-pressure-ratio core 
were used. Therefore, particularly in view of the current energy situation 
and rising fuel cost, product versions of the engines should incorporate 
higher-pressure-ratio cores. 

Although the UTW engine failed to meet the 35% reverse-thrust goal, it 
did produce 27% reverse thrust; this might be sufficient to stop an aircraft 
on a 9lS-m (3000-ft) runway. Furthermore, additional development testing 
could result in higher levels of reverse thrust. It may be concluded that 
the variable-pitch fan concept can be developed to provide effective thrust 
reversal. 

While the OTW engine exceeded the 35% reverse-thrust goal, it did so 
with higher than expected pressure losses. Reverse-thrust noise could be re-
duced by redesigning the aft nacelle flowpath. 

5.2 FAN PERFORMANCE 

The OTW and UTW fans both performed satisfactorily during sea level 
static engine tests, and most of the fan aeroperformance goals established 
for the experimental engine programs were met. Some futher development 
of the UTW fan is required to meet 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 aerodynamic technology 
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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5.3 COMPOSITE FAN BLADES 

It was concluded that some form of lightweight blade must be developed 
to make variable-pitch farts practical. Because of lack of FaD resistance 
during bird ingestion, the QCSEE composite blade is acceptable only for 
experimental ground test. Subsequent developments of other programs have 
identified candidate materials that could possibly solve this problem; however, 
none of this work has been completed to date. Some of these material candi-
dates are: 

• Stitched or multidirectional-weave polymerics 

• Superhybrid 

• Boron aluminum 

• Hollow titanium 

5.4 VARIABLE-PITCH SYSTEMS 

Both variable-pitch systems, the harmonic drive and the ball spline, 
demonstrated concept feasibility during whirl-rig and engine testing. Either 
system could be developed for operational use. 

Actual blade-turning moments exceeded the anticipated (calculated) 
values; therefore, either system must be sized for somewhat higher torque 
capacity than originally specified. 

5.5 MAIN REDUCTION GEAR 

The QCSEE main reduction gear transmitted up to 12.7 MW (17,000 hp) 
for many hours without incident - a significant accomplishment for a 
lightweight gear system. 

Total time on the UTW gear is approximately 202 hours: test rig, 49 
hours; engine, 153 hours. 

Total time on the OTW gear is approximately 135 hours: test rig, 36 
hours; engine (GE), 58 hours; engine (NASA), 41 hours. 

Although this is hardly sufficient operating experience on which to en-
sure the achievement of the 36,000 hours life and 6,000 hours time before 
overhaul (TBO) objectives, the feasibility of a geared fan drive has been 
satisfactorily demonstrated; with the benefit of further development effort, 
acceptable reduction-gear performance and life for operational engines can be 
expected. 
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5.6 COMPOSITE FRAME 

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

• Composite construction shows promise for application to major 
frames. It has been shown that these frames can take advantage of 
the unique characteristics of composites. 

• The static tests of the frame verified the analysis, and engine 
tests were in reasonable agreement. 

• As the frame was actually built, it was difficult to fabricate. 
The need for better part tooling and better assembly tooling was 
apparent. In the future it should be more efficient to use fewer 
individu'al pieces by more piece integration in the as-molded con-
dition. 

• The sump area was difficult to seal against oil leakage. The use 
of a metal sump liner would help. 

5.7 COMPOSITE NACELLE 

The following conclusions have been reached concerning the use of ad-
vancedcomposite materials in engine nacelle hardware. 

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

• Basi'c, low-temperature, 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. 

5.8 DIGITAL CONTROL 

During the NASA/GE QCSEE program, two engine-mounted digital controls 
were designed, fabricated, and tested on the two experimental engines. 
Throughout the engine-test program, approximately 200 hours of operation, the 
digital controls scheduled the engine variables and maintained engine opera-
tion within all safety limits. Several experiments were performed during the 
engine-test program to evaluate the control system capability with respect to 
control-system requirement. Nearly all requirements were met satisfactorily. 
Table XXXVIII compares primary control system requirements with engine-test 
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results. As a result of this successful development program, the digital con-
trol technology base has been expanded and will hasten the application of dig-
ital controls on future propulsion systems. 

5.9 LOW-EMISSION COMBUSTOR 

The double-annular combustor was successfully developed to meet the EPA 
1979 emissions standards for class T2 engines within the very limited space 
available in the FlOl combustor envelope. The principles used are directly 
applicable to other engines and should be considered depending upon the spe-
cific emissions requirements. 

5.10 ACOUSTICS 

Although the 95 EPNdB sideline-noise goal was not reached by either 
engine, both demonstrated within about 2 dB of the goal. This is considered 
to be an outstanding accomplishment in light of the severity of the goal. 
Both demonstrated 95 EPNdB contour areas of less than 1.295 km2 
(1/2 mi). This would confine the noise nuisance to the airport proper 
and alleviate the community noise problems. 

Some of the noise-reduction features (such as the low-tip-speed, low-
pressure-ratio fans) are most applicable to short-haul engines. However, if 
community noise becomes a'sufficiently powerful driver, these features could 
be used in CTOL aircraft by oversizing the engines and accepting a weight 
penalty. 

5.11 WEIGHT 

The projected thrust-to-weight ratio of UTW and OTW flight engines are 
comparable on an installed basis with the best current CTOL propulsion sys-
tems. Therefore, it can be concluded that it is feasible to produce econom-
ically competitive, powered-lift aircraft systems meeting demanding noise and 
pollution requirements. 
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Table XXXVIII. Control System Summary and Conclusions. 

Requirements Results 

UTW OTW 

• Set Percent Rated Thrust "" JI" 
• Maintain Engine Safety Limits "" ", 

• Reduce Pilot Workload "" • Control Inlet Mach Number "" N/A 
• Rapid Thrust Response Partial ", 

• Failure Detection and N/A Partial 
. Corrective Action 

• Engine Condition Monitoring "" JI" 
• Interface with Aircraft "" ", 

Digital Computer 
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6.0 RECOMMENDATIONS 

The following recommendations for future development action are made 
considering those items excluded from, or not completed under, the QCSEE pro-
gram. The intent of each is to bring the new technology elements a step 
closer to utilization. A number of these recommendations are included in the 
test program being conducted at the NASA Lewis Research Center. However, all 
are included below for completness. 

Overall Engines 

• Conduct additional UTW reverse-thrust testing with instrumentation 
to determine the cause of lower-than-predicted reverse thrust. 

• Conduct transient UTW thrust-reversal testing. 

Composite Fan Blades 

• Pursue the development of alternate lightweight blade approaches to 
provide a flightworthy design. This is essential to the oper-
ational use of a variable-pitch fan and applicable to many 
other fixed-pitch fan engines. 

Variable-pitch Actuation Systems - If interest in variable-pitch fans re-
mains high enough to warrant further development of the UTW fan, the following 
modifications in the variable-pitch actuation systems are suggested: 
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• The cam/harmonic system could be modified to increase torque capac-
ity by 40% to ensure moving the blades at all fan speeds. This 
would entail increasing the size of the hydraulic motor in the beta 
regulator, modifying the core cowl to accept the longer regulator, 
and procuring a higher-torque-rated flexible cable. The 'stronger 
cable would also be stiffer and might present an installation prob-
lem. 

• The running hysteresis of the ball spline system could probably be 
improved by rebuilding the ball spline and ball screw using larger 
diameter balls to reduce 

Main Reduction Gear 

• Conduct extended reduction gear endurance testing using the avail-
able back-to-back rig and QCSEE hardware. Early testing should in-
clude further optimization of the lube supply and scavenge sys.tem 
to attempt to reduce churning and further improve gear efficiency. 
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Composite Frame and Nacelle 

• Static load test the OTW composite fan frame to destruction to 
determine if it meets design load objectives. 

• The composite core cowl was cooled by shop air and an insulation 
blanket throughout UTW engine testing. Fuil verification of this 
design would include the design and testing of a flight-type heat 
shield and the use of fan-discharge air for cooling. 

Digital Control 

• Conduct UTW transient testing with electrical gain adjustment of 
the pitch-control system. 

• Reprogram and test the OTW FICA system. 

Low-Emissions Combustor 

• Conduct engine testing of a double-annular combustor to develop 
pattern factor and profile. 

Acoustics 

• Verify wing/flap interaction-noise assumptions. 

• Evaluate boundary-layer noise effect as a noise floor for aft fan-
duct suppression. ' 

• Evaluate "D" nozzle acoustic characteristics more fully by using 
acoustic probes correlated with far-field microphones. Include 
hard-wall core nozzle testing. Alternately, test with conical 
nozzles to separate core- and sources. 

• Conduct additional UTW acoustic tests to: 

a. Verify wing/flap interaction-noise assumptions. 

b. Utilizing aC9usticprobes, determine precise causes of higher 
than predicted fan source noise for both forward and reverse 
thrust. 

c. Evaluate suppression of the core nozzle by use of probes 
and/or coherence measurements. 
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General Dynamics Convair Division 
G. Nicoloff 
San Diego, California 92112 

Grumman Aerospace Corporation 
C. Hoeltzer 
South Oyster Bay Road 
Bethpage, New York 11714 

Hamilton Standard 
Division of United Aircraft 
A. Jackson 
Windsor Locks, Connecticut 06096 

Lockheed Aircraft Corporation 
T. Higgins 
Burbank, California 91503 

Lockheed Georgia Company 
H.S. Sweet 
Marietta, Georgia 30060 

NASA Installations 

NASA Headquarters 
N.F. Rekos 
Washington, D.C. 20546 

NASA-Ames Research Center 
L. Roberts 
Moffett Field, California 94035 

NASA-Flight Research Center 
D.R. Scott 
Edwards, California 93523 

NASA-Langley Research Center 
R. Kuhn 
Hampton, Virginia 23665 

NASA-Lewis Research Center 
21000 Brookpark Road 
Cleveland, Ohio 44135 
M.A. Beheim 
D.N. Bowditch 
L.J. Chelko 
C.C. Ciepluch 
E.W. Conrad 
A. Ginsburg 
M.J. Hartmann 
R.H. Kemp 
Lewis Library 
R.W. Luidens 
D.L. Nored 
Report Control Office 
L.W. Schopen 
R.W. Schroeder 
M.F. Valerino 

NASA/Air Force Liaison 
Wright-Patterson Air Force Base 
Dayton, Ohio 45433 

L. Obery 
C. Simpson 
Col. C.E. Painter 
G.K. Richey 
G.P. Peterson 

Pratt & Whitney Aircraft 
Division of United Aircraft Corp. 
J. Chew 
20800 Center Ridge Road 
Rocky River, Ohio 44116 

Rohr Corporati.on 
F. Hom 
Box 878 
Foot and H Street 
Chula Vista, Cali.fornia 92012 

Wyle Laboratories 
L. Sutherland 
128 Maryland Street 
El Segundo, California 90245 

Rockwell International 
Los Angeles Division 
Attn: D. Sch1undt 
International Airport 
Los Angeles, California 90009 
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