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SUMMARY

The purpose of this study was to investigate the thrust response requirements of the engine
studied under the original NASA Lewis Research Center Contract NAS3-15550 and to in-
vestigate various methods of achieving rapid thrust response to facilitate steep approaches for
noise abatement purposes.

The engine thrust response requirements were determined as a function of approach glide
slope angle, using a dynamic simulation of a typical Advanced Technology Transport (ATT)
aircraft.

In order to determine the necessary engine response characteristics, a parametric evaluation
of various approach conditions was conducted. The evaluation included the effects of:

Approach speed variations
Maximum angle of attack variations
Glide slope angle variations
One engine inoperative considerations
Speed change considerations

A "three degree of freedom" simulation was assumed, to evaluate the aircraft response during
the execution of a missed approach maneuver.

The evaluation showed that the use of steeper approach glide slopes did not result in a more
stringent requirement on thrust response than that required by a conventional (3°) approach.
The use of steeper approach glide slope actually permits a slower responding engine.

The evaluation was structured such that the missed approach maneuver was considered .
terminated where a positive climb gradient was established. Under this constraint, the in-
creased glide slope requires the velocity vector of the aircraft to be turned through a larger
angle. Since the rotation rate of the aircraft is largely independent of engine thrust, for a
fixed aircraft the larger angle change requires a longer time to complete, resulting in reduced
engine response requirements.

Rapid engine response schemes were investigated using the P&WA™ State-of-the-Art Per-
formance Program (SOAPP) transient simulation of the STF433 study engine. The simula-
tion incorporated the latest engineering calculation procedures and dynamic simulation tech-
niques and, when coupled with an engine control simulation, provided an excellent tool to
investigate engine/control response. The control simulation was representative of a 1980's
full-authority electronic control.

The rapid response schemes considered made use of engine variable geometry (airbleedi
compressor stators, vanes, variable turbine areas and variable nozzle area) to match the engine
to an approach configuration. The promising schemes were rematched to provide increased
rotor speed and/or improved compressor surge margin. Rapid response was obtained during
an acceleration from an aborted approach by rematching the engine back to the design con-
figuration as the power lever was advanced to take-off.
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Noise levels of the rematched engine configurations were estimated, and the cost and weight
penalties of incorporating the variable geometry schemes qualitatively assessed. Based on
these studies it was determined that a modified version of the basic fuel control logic, to-
gether with a reset on the compressor stator vane schedule (both optimized for acceleration
considerations), provided the best rapid response with negligible cost or weight increase.
With this scheme the response time from approach (14.5 percent Fn) to 95 percent, take-off
thrust was reduced from 2.85 seconds for the baseline acceleration to 1.3 seconds (current
engines and controls perform the same transients in 4-5 seconds). The aircraft dynamics
study indicates that this fast response is not necessary for an advanced technology CTOL
transport; however, it may be important for short-haul, powered lift applications.

PAGE NO.



PRATT & WHITNEY AIRCRAFT

INTRODUCTION

The engine cycle selected for an Advanced Technology Transport (ATT) aircraft planned for
commercial operation in the 1980's considered low noise as one of the major design criteria.
Additional reduction in the community noise exposure can be realized by adopting noise
abatement procedures during take-off and landing. Specifically, the use of steeper approach
glide slopes during the landing maneuver result in a significant reduction in the noise level.
The reason for this noise reduction is twofold: (1) approaching at a steeper glide slope, the
aircraft is higher at all points along the glide path, (2) less engine power is required to fly the
aircraft at a steeper glide slope.

Before steeper glide slope approaches can be considered, studies must be made to assure that
the present levels of air transport safety are not compromised. One major consideration is
the engine thrust response necessary to assure positive climb gradients from an aborted land-
ing with minimum altitude and speed loss. If the currently-required climb gradients are to be
retained when utilizing increased glide slopes, it is possible that the response characteristics
of the engine may have to be improved. .

AIRCRAFT DYNAMIC RESPONSE

It is expected that all future aircraft will have to meet present or lower FAA noise criteria.
One of the methods capable of producing a significant reduction in noise during the approach
phase of landing is the use of increased glide slopes. Since the thrust required during the ap-
proach condition and the altitude of the aircraft are directly related to the glide slope angle,
the potential noise reduction results from both the lower thrust loading needed to maintain
equilibrium and the increased altitude of the aircraft over the community.

The use of steeper approach angles,however, has the disadvantage of higher sink rates near
the ground. An investigation of engine thrust response requirements was made with regard
to an aborted landing and the transition from the higher glide slope angles to a conventional
(3°) glide slope to determine what effect the increased sink rates had. A parametric variation
of initial approach speed, maximum permissible angle of attack, glide slope angle, and one-
engine-inoperative considerations was made.

The base point aircraft chosen for the evaluation was a three engine, Mach 0.90 design. The
general aircraft characteristics are presented in Table I. The aircraft employed conventional
control surfaces with an all moveable tail.

TABLE I
GENERAL AIRCRAFT CHARACTERISTICS

Design Cruise Mach Number 0.90
Sea Level Take-off Thrust 30,600 Ibs/eng. (136000 N)
Take-off Gross Weight 297,300 Ibs (134900kg)
Maximum Landing Weight 252,700 Ibs (114600 kg)
Wing Loading 1341b/ft2 (6416 N/m2)
Aspect Ratio 7.60
Quarter Chord Sweep 36.5C

PAGE NO. 3
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The deflection rates and maximum deflection angles for the tail surfaces are presented in
Table II.

TABLE II
TAIL SURFACE DEFLECTION RATES AND MAXIMUM DEFLECTION ANGLES

Stabilizer Deflection

• Maximum Deflection +7°
-5°

• Maximum Deflection Rate 1.2deg/sec

Elevator Deflection

• Maximum Deflection +15°
-25°

• Maximum Deflection Rate 25 deg./sec

In the analysis, the problem was assumed to be symmetric about a vertical plane through the
longitudinal axis of the aircraft. With this assumption of lateral directional stability, the
analysis reduced to three degrees of freedom: horizontal, vertical, and pitch. The problem
was structured such that, for a specified glide slope and approach speed, the equilibrium
conditions were determined. This steady-state condition yielded the appraoch power, angle
of attack, and angular deflection of the tail surfaces needed to trim the aircraft in the ap-
proach phase. Table III presents the given and calculated information for the steady-state
phase of the approach.

TABLE III
STEADY-STATE APPROACH CONDITIONS

Flight Angle \
Velocity > Given Conditions
Altitude J

Surface Deflections \
Angle of Attack > Calculated Output
Approach Thrust J

As the aircraft, in a trimmed condition, passed through a given altitude, it was assumed that
a decision was made to abort the landing and perform a missed approach. A delay of one
second was assumed between the decision to initiate a missed approach and control actua-
tion. This delay was thought to be a reasonable approximation of pilot reaction time. It
was assumed that control column commands and thrust advance were performed simulta-
neously and were for a maximum performance maneuver. With the initiation of the missed
approach maneuver, a time-dependent integration of the equations of motion was done to
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calculate the resulting aircraft trajectory. These constraints are shown in Figure 1 . The equa-
tions of motion referenced to a ground axis system are listed below, and the related force
diagram is shown in Figure 2. In these equations the initial glide slope is considered negative.

THREE DEGREES OF FREEDOM
EQUATIONS OF MOTION

S F -HOR.ZONTAL= THRUST X Cos (a+ 7) - LIFT X Sin 7- DRAG X Cos 7= -L (VHORIZONTAL)

^VERTICAL = ™RUST X Sin (a + 7) + LIFT X C°S 7 - DRAG X Sin ̂  - W = ^VERTICAL)

dt2

S MOMENTS = LSTAB X MOMENT ARM + L£LEV X MOMENT ARM + MAC

+ THRUST X MOMENT ARM

LSTAB ( a n I • "STAB -^ STAB
STAB

= cMAC.q.sw.c

3* _ 2 MOMENTS"

The thrust response of the engine was assumed to be a characteristic "S" shaped curve depicted
in Figure 3. The response time of the engine was defined to be the time required to go from
approach power to 95 percent take-ofLpower. Under this assumption ̂ response time becomes
a function of approach glide slope. Determination of the time from idle power to 95 percent
take-off power as a function of "response time" and glide slope is presented in Figure 4.
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ALTITUDE

DECISION POINT

REACTION PHASE

DISTANCE

Figure 1 Approach Landing Go-Around

w

HORIZONTAL

NOTE: 7 IS MEASURED WITH RESPECT TO
THE HORIZONTAL. THUS IN THE
FREE BODY DIAGRAM?. AS SHOWN,
IS NEGATIVE.

Figure 2 Free Body Diagram
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Figure 3 Thrust Response Characteristics
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Figure 4 Engine Response Time
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The angular acceleration or rotation rate of the aircraft was calculated assuming maximum
surface deflection rates of the horizontal elevator and stablizer. The aircraft was allowed to
rotate from its steady-state angle of attack until an arbitrary limit on angle of attack was
reached. Subsequently, the angle of attack was held constant. The limit on angle of attack
was established to determine if the requirements for an adequate stall margin had a significant
effect on the thrust response requirement. A consideration was also made of the effect of
varying the aircraft response to control commands. This was attempted through a parametric
variation of aircraft angular acceleration rates. The net effect of engine thrust response, air-
craft rotation rate, and angle of attack limits determined the aircraft trajectory.

The aerodynamic characteristics of the aircraft are shown in Figure 5. Also shown are the
steady-state angles of attack required to trim the aircraft for three different approach speeds.
The ordinate is the body angle of attack. The wing is inclined 2° with respect to the body.
Therefore, for example, 15° maximum angle of attack of the wing corresponds to 13° body
angle of attack.

A series of aircraft trajectories is shown in Figure 6 for a 6° approach glide slope. As illustr-
ated, the initial approach spped is 145 knots (74.6 m/sec) and the angle of attack of the wing
is limited to 15°. These trajectory traces indicate that the response time of the engine does
not seem to have a major impact on the total altitude loss in this type of maximum perform-
ance maneuver. In order to better define the requirements on engine response time, the
following criteria were assumed:

• Upon the establishment of a positive climb gradient of 3.2% (approximately 1.85°),
the maneuver was considered terminated

• The positive climb gradient must be established within 8 seconds after the throttle
advance

• The velocity at the end of the maneuver must be greater than, or equal to, the
velocity at the initiation of the maneuver.

The .points at which the 3.2 percent climb gradient is established are shown in Figure 6. It is
apparent from the plot that, for the stated initial conditions, all the engines respond quickly
enough to meet the requirement that the maneuver be completed within 8 seconds after the
throttles have been advanced. It should be remembered that the elapsed time is measured
from the decision point and that there is a 1 second delay after that point before the throttles
are advanced.

The condition that the velocity at the end of the maneuver be greater than, or equal to, the
velocity at the initiation of the maneuver is, however, not satisfied by all the engines. This
is shown in Figure 7. This figure presents the velocity history for three approach speeds and
four engine response times as a function of total elapsed time from the decision point in the
maneuver. For each of the approach velocities, the steady-state trim conditions were deter-.
mined separately - the lowest approach speed incurring the highest equilibrium angle of attack.
Under the constraint of a 15° permissable maximum angle of attack, the 135 knots (69.5 m/sec)
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a BODY
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I I
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Figure 5 Low Speed Aerodynamics Characteristics
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Figure 6 Effect of Engine Response Time on Flight Profile
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approach speed case resulted in the smallest allowable angle of attack change, and thus the
smallest change in drag coefficient. (This can be seen by referring to Figure 5.) Thus, essen-
tially no velocity loss occurred anywhere in the maneuver. Increasing the approach speed
does, however, result in a larger change in drag coefficient and thus a velocity loss is experi-
enced for the slower responding engines.

The effect of increasing the maximum allowable angle of attack is demonstrated in Figures
8 and 9. It may be noted that the results for 20 and 25° maximum angle of attack differ only
slightly. This is so because the aircraft is very close to the termination of the maneuver (es-
tablishment of a positive 3.2 percent climb gradient) by the time it has reached 20° angle of
attack. Allowing the angle of attack to exceed 20° does not, therefore, result in a significant
change in the result.

GLIDE SLOPE ANGLE - 6 DEC MAXIMUM ANGLE OF ATTACK = 15 DEG

78.0

(Jin
en 76.0

I

72.0

O
Z

u
O

150

CLIMB GRADIENT = 3.2%

CLIMB GRADIENT = 3.2%

CLIMB GRADIENT = 3.2%

6 8 10 12

TIME FROM START OF MANEUVER ~SEC

Figure 7 Effect of Engine Response Time and Approach Speed on Velocity History
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130
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Figure 8 Effect of Engine Response Time and Approach Speed on Velocity History
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A comparison of the velocity histories for a 6° and a conventional 3° approach is shown in
Figure 10. The response time of the engine needed to satisfy the constraint of no velocity
loss and an arbitrary gain of 3 knots (1.54 m/sec) in velocity is shown.

The major point of this figure is that the steeper (6°) glide slope permits a slower responding
engine than the conventional (3°) glide slope. Since the maneuver was assumed terminated
upon the establishment of a 3.2 percent climb gradient, the higher approach angle requires
the velocity vector of the aircraft to be rotated through a larger angle. This is accomplished
through the rotation of the aircraft itself. Since the engine thrust provides a relatively small
contribution to the rotation rate of the aircraft, the rotation of the aircraft depends mainly
on its response to control surface deflections. Therefore, since the time to complete the
maneuver is smaller for the conventional approach, the engine must respond more quickly.
Another factor that contributes to the slower response time requirement for the steeper ap-
proach is the fact that the component of aircraft weight in the direction of the flight path is
approximately twice that for the conventional approach. This component tends to accelerate
the aircraft. At any given time from the start of the maneuver the 6° approach angle has a
greater increment in velocity than the 3° approach. This increment in velocity can be traded
for engine response time. The forces acting during the maneuver are illustrated in Figures 11
and 12 for 3 and 6° glide slopes, respectively. The 3 and 6° missed approach maneuver are
compared in Figure 13.

155

78.0

76.0

74.0

72.0

74.0

72.0 L—

APPROACH SPEED = 145 KTS (74.6M/SECI

CLIMB GRADIENT = 3.2%

5.2 SEC

GLIDE SLOPE ANGLE = 6 DEC

7.2SEC

CLIMB GRADIENT = 3.2%

3.0 SEC

GLIDE SLOPE ANGLE = 3 DEG

140
2 4 6 8

TIME FROM START OF MANEUVER

10 12

Figure 10 Effect of Glide Slope Angle on Velocity History and Required Response
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Whereas the steeper glide slope results in a less stringent requirement on engine response time,
it does incur the larger altitude loss during the maneuver. The total altitude loss during the
maneuver is shown in Figure 14. This case represents a limiting value of 15° on angle of
attack. As was shown in Figure 7, the 135 knots (69.5 m/sec) approach speed is the least
stringent in terms of required engine response but it suffers the greatest altitude loss. If the
angle of attack is allowed to exceed 15°, the situation reverses and the 135 knots (69.5 m/sec)
approach speed case results in the lowest altitude loss, as shown in Figure 15. This results
from the fact that 135 knots (69.5 m/sec) case has the lowest initial sink rate.

In an effort to investigate the effect of an engine failure on the required response of an engine,
it was assumed that the aircraft approached with all engines operating at the required approach
thrust. Upon the failure of one engine, the remaining engines were brought up to full power
and the aircraft rotation was initiated simultaneously.

Figure 16 demonstrates the results of this maneuver. Again it is seen that the steeper glide
slope permits a slower responding engine. Even a "2 second" engine experiences some velocity
loss early in the maneuver for the 3° approach case. The engine-out case requires a more re-
sponsive engine .than that required by the all engines operating case, since the required thrust
levels must be met by 2 rather than 3 engines.

The major conclusions of this study are summarized in Figure 17. As shown, if an arbitrary
requirement of a three knot (1.54 m/sec) velocity increment at the end of the maneuver is
postulated, the required response time of the engine is increased by approximately 2 seconds
for all glide slope angles.

The use of increased glide slopes results in a less stringent requirement on engine response
time. As stated previously, this results from the longer time required to turn the velocity
vector of the aircraft. Thus, the required engine response becomes coupled to the aero-
dynamic capabilities of the aircraft and its ability to respond to control inputs.
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RAPID ENGINE RESPONSE

BASIC CONTROL SYSTEM

Before studying rapid engine response schemes, it was necessary to first establish control
system functions that would be representative of engine control technology in the 1980's,
but relying on proven techniques wherever possible to minimize the study effort on this pre-
liminary part of the program. The chosen design included variable compensation which
would be implemented with a full authority electronic control. High rotor speed (N2>
closed loop governing was selected as the primary control parameter with the reference
speed scheduled from power lever angle and inlet total pressure and temperature. Additional
loops provided low rotor (Nj) overspeed protection and a combust or exit temperature (GET)
limiter. A conventional fuel flow/burner pressure (Wf/Pb) schedule limited the maximum
fuel flow to provide adequate compressor surge margin and also limited the turbine over-
temperature during accelerations. The deceleration fuel flow was also limited by a Wf/Pj,
schedule to prevent combustion instability.

Engine transfer functions were determined directly from the STF433 engine simulation
using a state variable technique recently developed by P&WA™. These functions were
used to calculate the variable compensation necessary to assure good steady-state stability
with fast transient response over the engine operating range from idle to take-off thrust.
Figure 18 shows the engine response with this basic control system from idle to take-off
thrust at sea level static, standard day conditions and from approach thrust to take-off at
typical 6° approach conditions of 690 feet/155 knots (210m, 80m/sec), standard day +
18°F(-HO°C).
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Figure 18 STF 433 Engine and Fuel Control Acceleration Characteristics ~ Basic Control
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RAPID RESPONSE SCHEMES - INTRODUCTION

It was demonstrated that improved approach to take-off thrust response can be achieved by:

• Matching the engine to an off-design configuration with variable geometry (air-
bleed, nozzle area change, et cetera,) during the approach, then rematching to
the design configuration at the decision to abort the landing. To maintain the
approach thrust, the engine must operate at higher speeds. Thrust increases
more rapidly than that of the baseline acceleration as a result of the efficiency
increase during rematch and because the rotors accelerate from the higher speeds.

• Increasing the fuel energy input during the acceleration. This requires improved
compressor surge margin which is obtained when the engine is rematched with
variable geometry. Since the engine operates most efficiently at take-off thrust
with the variable geometry in the design position (no airbleed, design stator vane
angles, et cetera), this scheme also requires a different match during the approach.
Transient rematch to the design configuration is performed during the accelera-
tion.

The effects of off-design engine geometry on engine rematch at constant approach thrust
were investigated to determine the changes in rotor speeds, compressor surge margin and
combustor exit temperature. Only those configurations that rematched the engine to pro-
vide possible transient performance improvements were investigated further.

The effects of the following engine geometry variables were considered in the study:

compressor bleed
duct nozzle area
overboard duct bleed
primary nozzle area
inlet airflow blockage
compressor stator vane reset
high pressure turbine area
low pressure turbine area

In addition, modifications to the fuel control logic and the combined effects of this scheme
with compressor stator vane reset and low pressure turbine variable geometry were also
studied.

The rapid response schemes were evaluated for a 6 approach by comparison with the base-
line response of 2.85 seconds from 14.5 to 95 percent take-off thrust as shown for 6° approach
to take-off on curve (b) in Figure 18. Noise levels for the rematched approach configurations
were compared with the baseline approach noise level of 71 ePNdB, for the 6° approach con-
dition, estimated one nautical mile (1.852km) from the touchdown point (the noise level for
a 3° approach at reduced height and increased thrust is estimated to be 88.3 ePNdB). The
weight and cost penalties of each scheme were qualitatively determined.
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Compressor Bleed

The effects of compressor interstage and exit bleed on engine rematch at constant approach
thrust are shown in Figure 19. The rotor speed increases would reduce the acceleration
times with either scheme, but the higher combustor exit temperatures would limit the
acceleration fuel flows. The increased surge margin would be advantageous only during
the initial, non-temperature-limited part of the acceleration. After this point, the best
acceleration would be obtained by gradually reducing the airbleed fraction to provide the
minimum surge margin with maximum allowable acceleration fuel flow. This scheme was
demonstrated with compressor exit bleed and the acceleration time reduced by 0.15 second,
not a significant saving considering the necessary control complication. From this evalua-
tion, it was concluded that the use of compressor bleed is unattractive for fast thrust re-
sponse.
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Duct Nozzle Variable Geometry

The effect of increased duct nozzle area (Ajj) on engine match at constant approach thrust
is shown in Figure 20. The increased rotor speed rematch with large areas is beneficial for
fast response, as illustrated by Figure 21 , which shows an acceleration from an approach
configuration with a 100 percent nozzle area increase. In this transient, the nozzle area
was reduced to the design value in one second, initiated at the time of power lever angle
(PLA) movement.

The 2.4 second engine response time to 95 percent take-off thrust when rematched with
100 percent duct nozzle area increase is an improvement on the 2.85 second baseline accel-
eration time. However the increased cost and weight of the variable nozzle and the addi-
tional control functions does not justify the savings of 0.45 second. The 100 percent area
increase would be difficult to achieve practically, and engine rematch with areas less than
100 percent increase would reduce the response time improvement.

The noise level of the rematched approach configuration measured one nautical mile (1.852 km)
from the touchdown point was estimated to be 72. 1 ePNdB.

An acceleration was also performed with a transient duct nozzle rematch. The nozzle area
was transiently increased, then decreased to the design area during the acceleration. This
would eliminate the high fuel consumption that results from the area reset on every approach.
Figure 22 shows that the initial nozzle opening slows the thrust increase relative to the base-
line acceleration and, although the thrust increases faster when the nozzle is closed, the
overall effect is a longer acceleration time. ,
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Figure 20 Steady-State Rematch with Variable Duct Area (A JD)~(? Approach
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Figure 22 Transient Rematch with Variable Duct Area (AJD) ~ 6° Approach
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Overboard Duct Bleed

Overboard duct bleed rematches the engine in a similar manner to increased duct nozzle
area with the exception that the sideways ejected air does not contribute thrust and the
engine must operate at a higher level to maintain the approach thrust. The engine rematch
necessary to maintain the approach thrust is shown in Figure 23.

The thrust response from an approach configuration rematched with 40 percent duct bleed
is shown in Figure 24. Bleed was reduced at 100 percent-per-second, commencing from
the initial PLA movement. The reduced bleed airflow alone provides a significant thrust
increase with response proportional to the bleed valve closure rate. The response time of
1.25 seconds to 95 percent take-off thrust is a considerable reduction from the baseline
acceleration time of 2.85 seconds; however, the increased approach noise level of 84.1 ePNdB
due to the higher rotor speeds negates the environmental advantages of using of 6° glide slope
approach. While a two-dimensional bleed valve system would be simpler than the duct
three-dimensional variable nozzle of the previous scheme, the weight and cost penalties
together with the increased noise make this scheme unattractive.1' The effect of the airbleed
on engine noise and the external flow characteristics around the engine nacelle were not
considered in the evaluation.

Primary Nozzle Variable Geometry

Figure 25 shows the engine rematch at constant approach thrust for increased and decreased
primary nozzle area relative to the design value. The rotor speeds do not increase sufficiently
with increased area to justify the complexity of a variable nozzle, consequently the scheme
was not considered further.
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Figure 23 Steady-State Rematch with Duct Bleeds ~ 6"Approach
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Inlet Airflow Blockage

Inlet airflow blockers in the form of variable geometry retractable "fingers" reduces inlet
efficiency and causes a reduction in engine inlet pressure, and an increased engine operating
level is necessary to maintain the approach thrust. During a go-around acceleration the
blockage would be removed to provide an immediate thrust increase and the rotors would
accelerate to take-off faster because of the higher speed reset during approach.

The effect of reduced inlet pressure recovery on engine rematch at constant approach thrust
is shown in Figure 26. This shows that pressure recoveries as low as 80-90 percent are re-
quired in order to rematch the rotor speeds to acceptable levels. Recent tests on choked
inlet systems have shown that the airflow distortion resulting from inlet airflow blockage
increases with decreased pressure recovery. The tests also indicate that the distortion asso-
ciated with recoveries of 80-90 percent would be unacceptable. The scheme is also unat-
tractive because the high noise levels (typically 88.7 ePNdB for a recovery of 83 percent),
resulting from the increased jet velocity, negate the advantages of the 6° glide slope approach.

Compressor Stator Vane Reset

The effects of compressor stator vane reset on engine rematch at constant approach thrust
are shown in Figure 27. Compressor surge margin can be increased by closing the vanes
without a significant increase in combustor exit temperature. For this reason, the scheme
is more attractive than using compressor bleed.

In the acceleration shown in Figure 28, the stator vanes were slewed from a -10 degree
approach reset to the scheduled position in one second, commencing from the PLA ad-
vance. The improved compressor surge margin obtained with the off-design stator angles
allowed the acceleration schedule to be increased seven percent. The increased accel-
eration fuel flow and the higher rotor speeds during the approach both contribute to de-
creasing the acceleration time to 2.35 seconds. The 0.5 second improvement is significant,
considering that this can be achieved by a minimum of modifications to an existing control
function. The weight and cost penalties and the estimated noise level increase (71 to 71.5 <
ePNdB) for this scheme are considered to be negligible.

High Pressure Turbine Variable Geometry

The effect of high pressure turbine variable geometry on engine rematch at constant approach
thrust is shown in Figure 29. This indicates that, from a fast response consideration, the en-
gine is probably best matched at the design area. Decreasing the area increases the high rotor
speed but decreases the compressor surge margin, while improving the surge margin with in-
creased area decreases the high rotor speed. The surge margin improvement obtained by
increasing the area is also offset by the higher combustor exit temperature. As a result, this
scheme was not considered further.
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Figure 26 Steady-State Rematch with Flow Blockage in the Inlet ~ 6° Approach
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Low Pressure Turbine Variable Geometry

Figure 30 shows the effect of low pressure turbine variable geometry on engine rematch at
constant approach thrust. Unlike the rematch with high pressure turbine variable geometry,
it is now possible to increase the compressor surge margin and high rotor speed and decrease
the combustor exit temperature, by increasing the low pressure turbine area.

An acceleration from the approach to take-off thrust, initially rematched with a 20 percent
turbine area increase is shown in Figure 31. The increased compressor surge margin allowed
the acceleration schedule to be increased seven percent. Low pressure turbine area was
reduced to the design value in one second, commencing from the initial PLA movement.
The decreased acceleration time is identical to the saving obtained with compressor stator
vane reset, but weight and cost of a low pressure turbine variable geometry scheme would
be too prohibitive to consider primarily for a rapid response scheme. However, if low pres-
sure turbine variable geometry is required in the engine for other reasons, a rapid response
scheme can be mechanized by adding another control function.

The noise level of the rematched approach configuration was estimated to be 71.3 ePNdB.

60 I—

2500
1500

1000
01u

500

cc
o

. 2000

1500

01 _ 40
O 2
CC O
O CC
w <
5? 5 20

O
111

9
HI

<

50

45

40

80

75

70

15

14

-25 0 +25

A% LP TURBINE AREA

GO

CC

U. 13
U.
9
LU
X
< 12

11

10
-25 0 +25

A%LP TURBINE AREA

Figure 30 Steady-State Rematch with Low Pressure Turbine Inlet Area ~ 6° Approach

PAGE NO. 3 1



PRATT & WHITNEY AIRCRAFT

PERCENT

NET THRUST

LPTURB

REMATC

\

J

//

/

//

'

/

NE / /

/ /

f /

BASE CASE

RFS

APP

s s

PONSETIMEISEC)

ROACH NOISE W

VARIABLE LP BASE

TURBINE AREA CASE

2.35 2.85

JdBI 71.3 71.0

2 3

SECONDS

Figure 31 Low Pressure Turbine Area Rematch ~ 6 Approach

Fuel Control Modifications

The fuel control incorporated variable lead/lag compensation to provide good steady-state
stability and fast response for small perturbations; however, it demonstrated undesirable
characteristics for large transients. During accelerations, for example, the high rotor speed
lead compensation anticipated the final value and reduced the fuel flow from the accelera-
tion schedule too soon, as shown on curve (a) in Figure 32. While this prolonged the acceleration,
the transient performance of the basic control system was better than current transport engine-
types which demonstrate similar characteristics. /

The control logic was modified to improve the response by eliminating the compensation
until the speed error approached zero. In Figure 32, the difference between the transient
paths (a) and (b) indicates the additional fuel flow that can be added to the engine with
the control modifications, without jeopardizing compressor surge margin or exceeding tur-
bine* temperature limits. Figure 33 shows the response improvements for sea-level/static,
idle to take-off and 6° approach thrust to take-off transients, relative to the baseline
engine/control performance. The acceleration time decrease from 2.85 seconds to 1.8
seconds at the approach condition represents a significant improvement in overall system
performance. Since the faster response is obtainable with no change to the engine design,
no increase in the approach noise and negligible increase in fuel control weight, size and
cost, this is a most attractive scheme.
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Figure 33 Modified Control Logic ~ 6° Approach
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Fuel Control Modifications With Compressor Stator Vane Reset and Low Pressure Turbine
Variable Geometry

Performance of the modified control logic was demonstrated in combination with the com-
pressor stator reset and low pressure turbine variable geometry schemes, Figures 34 and 35.
The stator vane reset scheme provides an approach to 95 percent take-off thrust response
of 1.3 seconds, and is preferred over the variable geometry turbine scheme because it has
no impact on the engine design. To achieve the fast response, only the stator vane control
would require an additional reset function since the fuel control modifications would be
incorporated into the finalized design.

Finally, the modified control logic, compressor stator vane reset and low pressure turbine
variable geometry schemes were combined. The acceleration shown in Figure 36 demon-
strates an approach to 95 percent take-off thrust response time of one second with a
fourteen percent increase on the base acceleration schedule. While this is an improvement
on the response provided by the modified logic with the stator vane reset, the additional
weight and cost penalties of the variable geometry turbine cannot be justified in this instance,
although for other applications (V/STOL for example) the scheme may be worthwhile.

A summary of the promising schemes investigated in the study is shown in Figure 37.
Various methods were used to reduce acceleration time from the base case of 2.85 se-
conds to 1.0 second on approach transients from 15 to 95 percent thrust. With the ex-
ception of the duct bleed scheme, the approach noise for the various schemes remained
relatively constant at the base case level.
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Figure 34 Combining Modified Control Logic and Stator Vane Reset ~ 6° Approach

PAGE NO.34



PRATT A WHITNEY AIRCRAFT

PERCENT

NET 60

THRUST

2 3
SECONDS

Figure 35 Combining Modified Control Logic and Variable Low Pressure
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Figure 36 Combining Modified Control Logic, Stator Vane Reset and Variable
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CONCL USIONS AND RECOMMENDA TIONS

The engine cycle selected for an Advanced Technology Transport (ATT) planned for com-
mercial operation in the 1980's considered low noise as one of the major design criteria.
Additional reduction in the community noise exposure can be realized by adopting noise
abatement procedures during take-off and landings. Specifically, the use of steeper ap-
proach glide slopes during the landing maneuver will result in a significant reduction in the
noise level. This report describes the studies performed to assure that the present levels of
air transport safety are not compromised by using a steeper glide slope approach.

The study had two objectives; to evaluate the engine thrust response requirements necessary
to establish a positive climb gradient from an aborted landing approach at various glide slope
angles, and, to investigate various methods of achieving rapid thrust response during the go-
around maneuver.

It was determined that steeper glide slopes require less stringent engine response as a result
of the longer time necessary to rotate the aircraft to a positive climb gradient without ex-
ceeding the maximum allowable angle of attack. This demonstrates the dependence of the
thrust response requirements on the aerodynamic capability of the aircraft and its ability
to respond to control inputs. To substantiate these preliminary results, it is recommended
a real time computer simulation of the aircraft response characteristics be conducted.

Improved engine response is obtainable by careful design of the fuel control functions to
take full advantage of the acceleration capability of the engine. These functions cannot be
easily implemented with conventional hydromechanical techniques; instead, a full-authority
electronic control system will be necessary. Resetting the compressor stator vanes during
the approach provides additional thrust response during the acceleration from an aborted
landing. This is obtainable with negligible increase in cost, weight or approach noise. A
program to demonstrate rapid response schemes with Pratt & Whitney Aircraft's "Real
Time Control Simulator" on an existing production engine is recommended.

The steeper glide slope approach appears to be an attractive method of reducing the com-
munity noise level without penalizing the performance and safety aspects of the aircraft.
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LIST OF SYMBOLS

CMAC Pitching moment coefficient

C Mean aerodynamic chord ~ ft (m)

D Drag force- Ibs (N)

g Acceleration due to gravity — ft/sec2 (m/sec2)

Izz Moment of Inertia

L Lift force- Ibs (N)

1 Moment arm — ft (m)

MAC Moment about the aerodynamic center

q Dynamic Pressure = »/2 p V2 - lb/ft2 (N/m2)

S Area-f t 2 (m2)

V Velocity- ft/sec (m/sec)

W Weight- Ibs (kg)

a . Angle of attack

7 Flightpath angle

5 Elevator deflection angle — degrees

0 Attitude of the aircraft

3C,
da

3C

Rate of change of lift coefficient with respect to change of angle of attack

Rate of change of lift coefficient with respect to change of elevator deflection

d
Rate of change with respect to time

dt

d2

Acceleration
dt2
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N

PLA

GET

Fn

LIST OF SYMBOLS (Cont'd)

High Rotor Speed, rpm

Low Rotor Speed, rpm

Duct Nozzle Area, ft2 (m2 )

Primary Nozzle Area, ft2 (m *)

Powers Lever Angle

, Fuel Flow, Ib/sec (kg/sec)

Burner Pressure, psia (N/m2 )

Combustor Exit Temperature, °F (°C)

Engine Net Thrust, Ibs (N)

Subscripts

( )ELEV Elevator

< )STAB Stabilizer
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