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The quiet short-haul research aircraft (QSRA) was developed as a research aircraft that would provide high
levels of STOL performance at low levels of community noise. The QSRA is a C-8 Buffalo, modified to in-
corporate a new propulsive-lift wing powered by four Lycoming YF-102 turbofan engines. During 3 years of
flight research, the STOL performance and the low-noise characteristics of the QSRA have been confirmed, and
several benefits and applications of the concept have been investigated. Maximum lift coefficients in excess in 10
have been demonstrated in flight and the advantages of upper-surface blowing in reducing takeoff distance over
a wide range of thrust-to-weight ratios has been documented.

Introduction

HE National Aeronautics and Space Administration has

been engaged in propulsive-lift research for more than 30
years. During this time, numerous techniques for developing
propulsive lift have been investigated. During the late 1960s,
the upper-surface-blowing (USB) technique was conceived at
the Langley Research Center. Numerous wind tunnel in-
vestigations were conducted at Langley!* and subsequently at
the Ames Research Center.>® Following two parallel
preliminary design studies, a contract was awarded to the
Boeing Commercial Airplane Company to design and build
the quiet short-haul research aircraft (QSRA) for use by Ames
Research Center in terminal-area flight research. The QSRA
made its first flight on July 6, 1978 and was delivered to Ames
Research Center on Aug. 3, 1978.

The airplane has been engaged in a flight research program
since that time and has undergone several significant
modification programs. Figure 1 provides configurational
and dimensional details. The QSRA is a de Havilland C-8A
Buffalo modified with a new propulsive-lift wing and
powered with four Lycoming YF-102 turbofan engines. The
configuration uses the upper-surface-blowing technique to
develop high levels of lift at low noise levels. A detailed
description of the QSRA in the ¢‘as delivered’’ configuration
is contained in Ref. 9, and a description of the airplane as
presently configured is contained in Ref. 10. This con-
figuration is the result of both developmental flight test and
several extensive modification programs.

The NASA flight program began immediately after the
QSRA was delivered to Ames Research Center. Initial flights
were conducted at Moffett Field, but most of the research
flights were conducted at the NASA flight research facility at
the Naval Auxiliary Landing Field, Crows Landing,
California.

This paper presents selected results from the first 3 years of
the QSRA flight research program.

Roll-Control Power

A high level of roll-control power was a specific design goal
of the QSRA. Therefore measurements of roll acceleration
- ‘were accomplished early in the program. Figure 2 shows the
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results of the measurements of roll acceleration of the QSRA
in its original configuration. The technique used to obtain
these data was to establish a roll rate in one direction and then
to reverse the direction of roll with the desired deflection of
the control wheel. The data in Fig. 2 are for a USB flap
deflection of 50 deg, which is the normal approach con-
figuration. The goal for the QSRA was a roll acceleration,
with all engines operating, of 0.8 rad/s? at a lift coefficient of
4.6. At the design wing loading of 80 1b/ft?, this corresponds
to an approach speed of about 72 knots. Note that the QSRA
meets the goal with the full-wheel deflection of about 80 deg.
Note also that the spoilers contribute approximately one-haif
of the QSRA’s roll-control power.

During flight evaluations with an outboard engine
inoperative, it was noticed that pilots had a tendency to
develop a pilot-induced oscillation (PIO) in roll. It was
determined that this was a result of the roll trim point being
very close to the point at which the spoilers started to deploy,
based on the original roll-control gearing used in the QSRA.
Figure 3 shows the QSRA roll acceleration as a function of
wheel position for the original gearing and the effect of two
modifications to the QSRA. The solid line shows the response
of the QSRA to the original spoiler gearing. Note that the
spoilers started to deploy at a wheel deflection of 30 deg.
Fairings were added to the double-slotted-flap support
brackets durjng a modification program. These fairings
improved the flow through the flap slots and thus increased
the lift that they were generating. This in turn made the
spoilers more effective since they had a higher level of lift to
““spoil.”” This effect is shown in Fig. 3 by the’ dashed line.
Although the roll-control power was increased by this effect,
the discontinuity in the airplane response to control wheel
deflection also became more pronounced.

Engine-out approaches were more difficult to perform with
precision because of the difficulty the pilot had in maintaining
bank angle. It was decided to reprogram the spoilers so that
this sharp discontinuity would be eliminated. The spoilers on
the QSRA are controlled by a fly-by-wire system, so the
modification required only a simple circuit change. The
dotted line in Fig. 3 shows the result of this modification. The
spoilers deploy as soon as the control wheel is deflected, and
the trim point is reached at a smaller wheel deflection and
without the previous discontinuity. Subsequent flight
evaluations proved that this modification greatly improved
the precision with which bank angle could be maintained
during engine-out landing approaches. Use of asymmetric,
double-slotted flaps to trim out the engine-out rolling
moment, in conjunction with the improved spoiler gearing,
resulted in a nearly neutral wheel required for typical engine-
out landing approaches.
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Fig. 1 QSRA configuration and dimensional details.
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Fig.2 QSRA roll acceleration performance.

Elevator Stall

In the course of evaluating the lift performance of the
QSRA, an elevator stall phenomenon was discovered. Figure
4 shows the evidence of the elevator stall based on flight data.
At the top of Fig. 4, elevator deflection is plotted against
“angle of attack. At an angle of attack of about 8 deg there is
an abrupt change in the slope of the curve. Further deflection
of the elevator provides only a small increase in angle of
attack. Similarly, in the lower half of Fig. 4, the curve of lift
coefficient vs angle of attack exhibits an abrupt break at the
same angle of attack. In this case, the lift coefficient increases
suddenly. The reason for this sudden increase is the stalling of
the elevator, which reduced its download, thus increasing the
apparent net lift of the aircraft. The aircraft is no longer
trimmed when this occurs and the nose starts to pitch
downward.

This phenomenon occurs only with large deflections of the
USB flaps and with the engines at maximum - power.
Generally, the maneuver must be accomplished at altitudes
below 5000 ft in order to provide sufficient engine thrust. The
motion of the airplane when elevator stall occurs is gentle.
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Fig. 3 Effect of spoiler gearing change.

The nose pitches slowly downward, much in the manner of a
wing stall of a well-behaved light aircraft. Recovery is ac-
complished by reducing elevator deflection and USB flap
deflection. Although the maneuver is quite safe at altitude, it
could have serious consequences in a wave-off maneuver close
to the ground. Pilots first checking out in the QSRA have
encountered a “‘wheelbarrowing’ tendency when the go-
around was attempted by adding full engine thrust without
first retracting the USB flaps. The nature of the elevator stall
was investigated by tufting the underside of the horizontal
tail. Figure 5 shows the horizontal tail with near maximum
elevator deflection. The tufts indicate that the flow on the
stabilizer is attached, but the flow on the elevator is separated.

As a result of these observations, the incidence of the
horizontal stabilizer was reset to be 3 deg more negative.
Although this modification did provide soime increase in the
maximum available pitch control power, the increase was not
sufficient to eliminate the elevator stall phenomenon.
Therefore elevator stall is always demonstrated (at altitude) to
new pilots checking out in the QSRA, and they are instructed
in the proper procedure for accomplishing a wave-off or a
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Fig. 4 QSRA elevator stall.

touch-and-go landing. In an operational airplane (compared
with the austere research airplane) a properly designed,
trimmable stabilizer would eliminate this problem. A throttle-
flap interconnect is another approach to solving the problem.
Such an interconnect was, in fact, installed on the QSRA
originally. However, it was disconnected to permit full ex-
ploration of the airplane’s envelope for research purposes.

Effect of Leading-Edge Vortex Generators

Vortex generators are located behind the engines on the
QSRA to aid in spreading the flow and to enhance flow-
turning at large USB flap deflections. Initially, the design of
the vortex generator pattern was developed during the large-
scale wind tunnel program in the 40 x 80-ft wind tunnel at
Ames.® Differences in the bypass ratio of the engines used on
the wind tunnel model and those used on the aircraft made it
necessary to redevelop the vortex-generator installation on the
airplane. This was accomplished through a flight program,
during which lift measurements were combined with various
flow-visualization schemes to determine the optimum pattern.
After it had been determined that the flow behind the engine
nozzles was satisfactory, it became apparent that further
improvement was required. The flight research program was
then directed to the area between the engine nacelles.
Development work in the 40 x 80-ft wind tunnel had shown
this to be a critical area.

Figure 6 compares the relative lift performance of the
QSRA with and without vortex generators at the leading edge
in the area between the nacelles. Flow separation at the
leading edge between the nacelles results in lifting of the
engine exhaust jet sheet, which degrades flow-turning per-
formance. Various vortex-generator patterns were evaluated
until the desired performance was achieved. It should be
noted that such configurational details are highly dependent
on the particular airplane design and must be individually
tailored to the application. In the case of the QSRA, the
support brackets for the leading-edge flap between the
nacelles significantly influenced the design of the vortex-
generator pattern. The key point is that the quality of the flow
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Fig. 6 Effect of leading-edge vortex generators.
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at the leading edge has a very large effect on the flow-turning
performance at the trailing-edge USB flaps.

Lift Performance

When satisfactory levels of performance were achieved and
the handling qualities were considered to be satisfactory, the
flight program effort was concentrated on documenting
airplane characteristics and the best techniques for flying
high-performance, precision, STOL landing approaches.
Figure 7 presents the lift performance of the QSRA with the
USB flaps set at 50 deg and with all engines operating. The 50-
deg setting on the USB flaps was determined to be the op-
timum. Greater flap deflections resulted in less net lift,
because of the elevator downloads required to trim the air-
plane; they also resulted in a more nose-down pitch attitude.
Note that the lift coefficient at maximum angle of attack and -
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maximum fan rpm reached a maximum value in excess of 10.
Although the airplane would not be flown on landing ap-
proaches in this corner of its envelope, it does provide sub-
stantial margin over the normal approach lift coefficient of
5.5.

Figure 8 shows the effect of flap deflection on the lift
performance at a constant thrust setting. Note that the
maximum lift coefficient with the USB flaps at 30 deg ap-
proaches the maximum lift coefficient shown in Fig. 7. Figure
9 is based on the same data set as Fig. 8, but flight-path angle
is plotted in Fig. 9 as a function of approach speed. The data
in this figure were acquired at approximately 8000 ft. Note
that with 50 deg of USB flap, the QSRA can barely maintain
level flight at full thrust at 65 knots; however, at 30 deg of
UISB flap a climb flight path of about +6 deg can be main-
tained. At this speed, further retraction of the USB flaps
results in less climb gradient. Thus, at the normal approach
speed of 65 knots, 30 deg of USB flaps is close to the
maximum powered lift-drag ratio.

The USB flaps on the QSRA are mechanized so that a
thumbswitch on the throttle is used to command USB flap
deflections greater than 30 deg. Thus, when a go-around is
desired, the pilot simply pushes this switch forward while
advancing the throttles. As the flaps retract to the 30 deg
position, there is little loss in [ift but a large increase in climb
capability. In addition, pitching moment is reduced as the
engines come up to full thrust, thus eliminating the possibility
of encountering the elevator stall discussed earlier. These
data, together with pilot comments, led to the standard go-
around procedure used on the QSRA: retract the USB flaps to
30 deg and then advance the throttles to maximum thrust.

Sea-Level Flight-Path Performance

The format used to present the data contained in Fig. 9 is
the basic method of presenting the performance of STOL
aircraft in the landing configuration. A major problem with
powered-lift STOL aircraft is the generation of sufficient lift
with engine thrust while still being able to maintain a steep
approach path. The ability to accomplish this is related to the
“low-turning, which in the case of the QSRA, is accomplished
as a result of the Coanda effect on the flow over the USB
flaps.

Another problem with powered-lift airplanes is the dif-
iculty of measuring performance in flight. This problem
arises because performance is heavily thrust-dependent and
thrust varies with altitude. To further complicate the
aroblem, lift performance is highly dependent on thrust

CORRECTED LIFT COEFFICIENT
AEO, FAN = 89 % rpm, D. S. FLAP = 59°, ALTITUDE = 8000 ft
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Fig. 8 Effect of USB flap setting on lift coefficient at maximum
thrust.
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coefficient, which varies with velocity. Thus, when an angle-
of-attack sweep is accomplished at altitude, even though the
engine thrust is relatively constant, the thrust coefficient
varies greatly as the airplane slows down. To relate the lift
performance to wind tunnel data, which are presented for
lines of constant thrust coefficient, it is necessary to perform
angle-of-attack sweeps at several power settings and to cross-
plot the resulting data. Thus in order to construct a velocity
flight-path diagram referenced to sea level, it is necessary to
acquire and process a large amount of flight data.

Figure 10 presents such a diagram for the QSRA with the
USB flaps at the 50-deg setting and an aircraft weight of
48,000 1b. This is a valuable diagram for presenting the ap-
proach performance of a powered-lift STOL airplane. The
QSRA normally flies STOL approaches at 65 knots along a
—6to —7.5 deg flight path. Note the characteristics of the
airplane at this design point. Fan speed is 70%, which is
slightly more than half the available thrust (7/W=0.27).
Pitch attitude is approximately level, and the angle of attack is
about 10 deg. This is a desirable situation because little
rotation is required to place the airplane in a landing attitude,
and the angle-of-attack margin is about 20 deg. Note also that
the lines of constant pitch attitude are nearly vertical but that
the lines of constant angle of attack have a significant slope.
These data explain the need to fly landing approaches in the
QSRA at constant pitch attitude rather than at the more
conventional constant angle of attack. By using this
technique, changes in thrust provide for glide-slope tracking
with minimal excursions in airspeed, and changes in pitch
attitude control airspeed.

Spoiler Performance

Four spoiler panels are located just forward of the double-
slotted flaps on the QSRA (two panels per side). These
spoilers, which are controlled by a “‘single thread’’ fly-by-wire
system, serve four functions. First, they are geared to the roll-
control system and augment the blown ailerons in providing
roll control of the airplane. Second, they can be used as speed
brakes, with deployment being proportional to deflection of
the speed-brake lever in the cockpit. Third, this same lever can
also be used to deploy the spoilers to maximum deflection on
the ground for a lift-dump function. And fourth, the spoilers
can be used in a direct-lift-control (DLC) mode to improve
glide-slope tracking (heave response). In the DLC mode, the
spoilers are biased up to —13 deg and move from that
position in response to throttle movement. An increase in
throttle retracts the spoilers; retarding the throttle causes
them to deploy to a maximum of 26 deg. A 1-second washout
circuit returns the spoilers to the — 13 deg position after each
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Fig.9 Effect of USB flap setting on flight path at maximum thrust.
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Fig. 11 QSRA spoiler performance.

throttle movement. This 1-s time-constant blends with the
response of the engines in the approach thrust range. Figure
11 presents the performance of the QSRA spoilers as
measured in flight. Notice that at approach speeds the
deflection range of the DLC system provides a vertical ac-
celeration of +£0.1g. Notice also that at the normal 65-knot
approach speed, the DLC provides a flight-path variation of
about +1 deg.

Engine-Out Performance

Figure 12 presents the engine-out characteristics of the
QSRA at an altitude of 8000 ft, with a gross weight of 53,000
Ib, and with the USB flaps deflected to 55 deg. Note that lift
considerations would define the critical engine as the inboard
engine, because the maximum lift with an outboard engine
inoperative is about three-fourths of a unit greater than with
an inboard engine inoperative. This characteristic is also
reflected in a greater descent angle with the inboard engine
inoperative. However, the amount of control-wheel deflection
required to trim the engine-out rolling moment is significantly
greater in the case of an inoperative outboard engine. Thus
the inboard engine is critical from a performance point of
view, and the outboard engine is critical when control is
considered.

Acoustic Measurements

Low noise was a major consideration in the design of the
QSRA. The initial QSRA noise tests were conducted by
Boeing at the Bayview Airport, near Seattle, Washington, in
July 1978. Since the QSRA envelope had not been fully ex-
panded and because of budgetary limitations, the noise
characteristics of the QSRA were not fully documented at that
time. A second noise test was conducted at the NASA Crows
Landing Facility, Crows Landing, California, in January
1979. This test was devoted to measuring noise levels with
USB flap deflections of less than 30 deg, evaluating a spiral
climb departure technique on community noise, and deter-
mining the effect of trailing-edge vortex generators on the
noise signature.

Thirteen test conditions were investigated with the vortex
generators removed. A comparison with the July 1978 test
data showed that the vortex generators did not have a
significant effect on the noise levels. At high USB flap
deflections, the noise levels were higher with the vortex
generators removed, probably because of flow separation
resulting from less efficient flow-turning. It was determined
that the direct-lift-control (DLC) system and the leading-edge
boundary-layer control system contributed between 2 and 3
dB to the noise levels at approach power.
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ENGINE-OUT CHARACTERISTICS
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Fig. 12 QSRA engine-out characteristics with USB flaps at 55 deg.

Analysis of the data also showed that USB flap trailing-
edge noise was the dominant source. The tests showed that the
spiraling departure technique resulted in a 90 EPNdB contour
that is nearly circular in diameter and has an area of about 3.4
square miles. Although this is a larger area than that which
would result in a straight-in approach and a straight-out
departure, the noise is concentrated over the airport area.
Details of the January 1979 noise investigation are reported in
Ref. 11.

Small-scale model tests and ground tests on a single USB
flap indicated that significant noise reductions could be
achieved with this modification of the USB flap trailing edge
to a sawtooth configuration.

Noise measurement tests required flights at low speed near
the runway. Therefore it was necessary to evaluate the effect
of the sawtooth trailing edges on the airplane aerodynamics at
altitude to insure that no undesirable flight characteristics
developed as a result of the installation. Comparison of the
airplane performance and handling qualities with the
sawtooth trailing edge installed to the baseline airplane did
not reveal any adverse aerodynamic characteristics. The noise
tests were accomplished at Naval Auxiliary Landing Field,
Crows Landing, California. Laser tracking provided
precision location measurements of the airplane over the
microphones located on the runway and on poles next to the
runway. A series of runs was made with the sawtooth trailing
edges installed and then repeated with the devices removed for
a baseline comparison. Some of the results of this research are
presented in Fig. 13. A noise reduction of about 2 dB is
documented by these data. A detailed report on this research
program is contained in Ref. 12.

Reduced-Thrust Takeoff Program '

Analytical studies of QSRA wind tunnel data indicated that
substantial levels of lift resulting from supercirculation
phenomena were developed by the QSRA high-lift system,
even with the USB flaps retracted (takeoff configuration).
Total engine exhaust flow-turning in this configuration was
estimated at 18 deg because of wing incidence (4.5 deg) and
the contour of the upper surface of the wing (13.5 deg). Since
substantial amounts of propulsive lift were being generated
with very little turning of the thrust vector (and thus little
reduction in horizontal acceleration force) it was theorized
that superior takeoff performance could be achieved with an
upper-surface-blowing propulsive-lift airplane. Although a
conventional airplane could achieve the vertical component of
thrust (lift) due to the 18 deg of flow-turning, the USB air-
plane develops about 17% additional lift as a result of
supercirculation phenomena. Configurations with more
distributed upper-surface blowing could generate even greater
amounts of supercirculation lift. Analytical investigations
indicated that USB technology could significantly reduce
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Fig. 13 Effect of serrated trailing edge on noise.

takeoff distances even at conventional thrust-to-weight ratios
and wing loadings. Alternatively, at takeoff distances equal to
those of conventional airplanes, the USB propulsive-lift
technology could accommodate larger payloads, according to
the analysis.

The general conclusion drawn from the analysis was that
conventional jet transport aircraft could benefit significantly
from the application of USB propulsive-lift technology,
without any increase in thrust-to-weight ratio. The im-
portance of this conclusion led to the initiation of a com-
prehensive flight investigation into the takeoff performance
of the QSRA over a range of thrust-to-weight ratios and wing
loadings. This flight program required about 6 months to
complete, including the time required for ground calibration
of the QSRA’s engines. More than 500 precision takeoffs
were performed during the program. The program proved
conclusively that significant takeoff performance benefits
could be derived from the USB propulsive-lift technology.
Based on civil aviation criteria (Fig. 22 in Ref. 13), reductions
in takeoff field length were of the order of 30%; based on
USAF criteria (Fig. 23 in Ref. 13), the reductions were as
great as 60%. This program is reported in detail in Ref. 13.

Figure 14, completed after Ref. 13 was published, is based
on data from this program. Figure 14 compares the measured
QSRA takeoff performance with the published takeoff
performance of a number of business jet aircraft with a
relatively wide range of wing loadings. Note that at a wing
loading of 80 lb/ft2, the QSRA requires about 20% less
runway than one of the current business-jet aircraft with a
wing loading of 40 1b/ft?. At equal wing loadings, the QSRA
would require only half the takeoff runway of the con-
ventional business jet. In addition to the shorter runway
requirement, the higher wing loading of the QSRA provides
better ride qualities in turbulence and greater cruise efficiency
at medium altitudes. Of all potential users of this technology,
the business-jet operator would seem to be one with a need for
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an aircraft that could combine short runway operation at low
noise levels with efficient high-speed cruise per-
formance—precisely the features that this technology makes
available.

Other Iinportant Results

Two very significant QSRA flight programs—the Joint
Navy/NASA QSRA Flight Research Program and the QSRA
Evaluation Pilot Program—are not reported here because of
space limitations. However, they are of sufficient importance
that they both merit a brief comment. During the Joint
Navy/NASA QSRA Flight Research Program, com-
prehensive ground-based tests were followed by 4 days of
operations aboard the U.S.S. Kitty Hawk at sea. Unarrested
landings and non-catapult takeoffs were accomplished by
three pilots over a wide range of conditions. This program is
reported in Refs. 10, 14, 15, and 16.

In the QSRA Evaluation Pilot Program, which will be the
subject of a future report, 28 pilots were exposed to a full day

of briefings followed by 2 days during which each pilot flew"

the QSRA for a total of 3 hours (two flights). The first flight
was for familiarization with the flight characteristics of the
QSRA and for learning how to make high-performance STOL
landings with-all engines and systems operative. On the
second flight, each pilot was exposed to various failure modes
during high-performance STOL landing approaches. At the
end of the program, each pilot flew a high-performance
STOL approach with one engine inoperative and with the
stability augmentation system turned off. These data strongly
contradict the widely held opinion that high-performance
propulsive-lift airplanes are difficult to fly.

Concluding Remarks

The first 3 years of the ongoing QSRA flight research
program have yielded technical results that substantiate the
high performance available with the propulsive-lift
technology incorporated in the QSRA. Maximum lift coef-
ficients in excess of 10 have been demonstrated in flight, and
steep STOL approaches are routinely flown at lift coefficients
of 5.5 with an engine inoperative. The importance of vortex
generators located behind the engine nozzles and at the
leading edge between the engine nacelles has been
documented. Noise research has documented the low noise
characteristics of the QSRA and its technology. The use of
special ““treatment’’ of the USB flap trailing edge to reduce
noise has been demonstrated in flight. The benefits of
propulsive-lift in improving takeoff performance or in-
creasing payload or both have been demonstrated in a
comprehensive flight program. And the capability of pilots
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with a variety of backgrounds to fly an airplane incorporating
this technology at high-performance levels without extensive
training or special experience has also been demonstrated.
Flight research with the QSRA is continuing, and it is an-
ticipated that this ongoing program will provide significant
additional data and understanding of the benefits of advanced
propulsive-lift technology.
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