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SIMULATOR STUDY OF MINIMUM ACCEPTABLE LEVEL

OF LONGITUDINAL STABILITY FOR A REPRESENTATIVE

STOL CONFIGURATION DURING LANDING APPROACH

By William D. Grantham and Perry L. Deal
Langley Research Center

SUMMARY

A fixed-base simulator study was conducted to determine the minimum acceptable
level of longitudinal stability for a representative turbofan STOL (short take-off and land-
ing) transport airplane during the landing approach. Real-time digital simulation tech-
niques were used. The computer was programed with equations of motion for six degrees
of freedom, and the aerodynamic inputs were based on measured wind-tunnel data. The
primary piloting task was an instrument approach to a breakout at a 60-m (200-ft) ceiling.

The results of the study correlate reasonably well with some of the most recently
published STOL longitudinal handling qualities criteria. They showed that the pilot
would accept, for emergency use, a decidedly unstable airplane. Pilot ratings of 6.5 or
better were assigned to many conditions having positive (destabilizing) values of Cmo,
(pitching-moment coefficient due to angle of attack) and negative (stabilizing) values of
Cma (pitching-moment coefficient due to rate of pitch). The degree of tolerable insta-
bility was a function of the amount of damping present. Pilot opinion was found to be
related to divergence time rather than to the degree of static instability. It was concluded
that, when a STOL airplane was unstable and required 2.5 seconds or longer to diverge to
double amplitude in pitch, it could be safely controlled (a pilot rating of 6.5 or better).
Any boundary or boundaries that may be drawn from the results of this study should be
presented in dimensional, not coefficient, form since the coefficients are independent of
airplane size. Hence, aircraft size did not affect the conclusions drawn.

INTRODUCTION

The requirement for STOL (short take-off and landing) transport airplanes has
emphasized the need for high lift to reduce approach and landing speeds. However, some
STOL designs may be subject to a loss of static longitudinal stability because of the large



downwash associated with high-lift systems. Although it is probable that in normal oper-
ations STOL transport airplanes will have the benefit of sophisticated stability and control
augmentation systems (see ref. 1, for example), a requirement will still exist for accept-
able flying qualities in the emergency state resulting from failure of various components
of the augmentation system. Since the problem of providing adequate inherent longitudi-
nal stability may be greater for some STOL aircraft than for conventional aircraft, there
is a question as to what is the minimum acceptable level of longitudinal stability.

Studies in the area have indicated that there may be instances in which the longitu-
dinal handling qualities of certain STOL airplanes having static longitudinal instability
will be acceptable if an adequate maneuver margin is provided. Both ground-based and
in-flight simulation studies have been previously conducted, as in references 2 and 3,
wherein conventional airplanes (both fighters and transports) having unstable static longi-
tudinal .characteristics were .simulated. However, results have varied appreciably as to
the degree of static instability that was classified as being tolerable in an emergency sit-
uation; Such variation should be expected since the class of airplanes and the piloting
tasks simulated differed. For example, reference 2 (p. 17) simulated a typical fighter
aircraft at high airspeeds and concluded that "the maneuver neutral point was a reason-
able aft center of gravity limit" at which acceptable controllability could be expected
without the assistance of stability augmentation. In contrast, reference 3 (p. 10) simu-
lated a lightweight transport flying at low airspeeds (V = 135 knots; 1 knot = 0.51 m/sec)
and concluded that "neutral or very slightly unstable static stability was tolerable."

STOL airplanes operating in the terminal area will fly at very low airspeeds
(V = 75 knots, for example); they will fly steep approach angles, will have very good nor-
mal acceleration capability on the approach with powered lift, and will be flown using
piloting techniques normally associated with aircraft flying on the "backside" of the
thrust-required curve. Therefore, the present piloted simulation study was conducted to
provide data on the effects of large reductions in static longitudinal stability on the han-
dling qualities of a representative externally blown flap STOL transport configuration
during the landing approach. Specifically,' the program was directed toward the definition
of a minimum acceptable level of static longitudinal stability. This objective was accom-
plished by a systematic variation of the static longitudinal stability derivative Cma,
the pitch-damping derivative Cm(., and the pitching-moment-due-to-thrust coefficient
CmcT- ^ addition, information was provided on the effects of atmospheric turbulence,
airplane size, and automatic airspeed control.

The study was conducted with a fixed-base simulator and utilized real-time digital
simulation techniques. The computer was programed with equations of motion for six
degrees of freedom, and the aerodynamic input quantities were based on the wind-tunnel



data reported in references 4 and 5. The primary piloting task was an instrument
approach in a breakout at a 60-m (200-ft) ceiling. No attempt was made to establish a
complete handling qualities criteria from this limited study; its aim was simply to gen-
erate information that could be of use in design evaluations of the flying qualities of STOL
airplanes that may be longitudinally unstable within the normal flight envelope.

SYMBOLS

In order to facilitate international usage of the data presented, dimensional quanti-
ties are given in both the International System of Units (SI) and U.S. Customary Units.
The measurements and calculations were made in U.S. Customary Units. Dots over
symbols denote differentiation with respect to time.

CL lift coefficient

Cm pitching-moment coefficient

Cm
Crp

8C
- , I/radian

C m . = , I/radian
01 a OC

2V

thrust coefficient

c mean aerodynamic chord, meters (feet)

g acceleration due to gravity, meters/second^ (feet/second^)

-h altitude, meters (feet)



IX,!Y,IZ moment of inertia about X, Y, and Z body axis, respectively,
kilogram-meters2 (slug-feet2)

product of inertia, kilogram-meters2 (slug-feet2)

o _
Ma = £S-̂ £ Cma, I/second2

n/a steady- state normal acceleration change per unit change in angle of attack
for an incremental horizontal-tail deflection at constant airspeed,
gravity units/radian

q -. angular velocity about aircraft Y body axis, radians/second

5 wing area, meters2 (feet2)

T thrust, newtons (pounds force)

t time, seconds

tg time to double amplitude, seconds

V airspeed, knots (feet/second)

X,Y,Z coordinate body axes

a angle of attack, degrees or radians

6 control column displacement, degreesc/

£ damping ratio

d pitch angle, degrees

p air density, kilograms/meter^ (slugs/toot^)



u>, longitudinal short-period damped frequency, radians/second

u> longitudinal short-period undamped natural frequency, radians/second

Abbreviations:

ADI attitude director instrument

CTOL conventional take-off and landing

IFR instrument flight rules

ILS instrument landing system

STOL short take-off and landing

DESCRIPTION OF SIMULATED AIRPLANE

The .simulated STOL transport configuration was a four-engine subsonic jet with a
high wing and high-bypass-ratio turbofan engines. The engines were mounted in such a
manner that the jet exhaust impinged directly on the trailing-edge flap system in order to
induce high values of CL. This type of design is normally referred to as an externally
blown flap STOL configuration.

The aerodynamic data used as inputs for the simulation were identical to the data
used and presented in reference 1, with the exception of the pitching-moment data. The
pitching-moment data of reference 1 were nonlinear with angle of attack and thrust coef-
ficient; for the present study, however, the aerodynamic pitching-moment data were line-
arized in order to simplify the interpretation of the effects of these derivatives. The
basic simulated airplane had a gross weight of 245 kN (55 100 Ibf), a wing loading of
3142 N/m2 (65.4 lbf/ft2), and a thrust-weight ratio of 0.60 for the maximum thrust con-
dition. A larger airplane was also evaluated in order to determine the effects of airplane
size. The large airplane had a gross weight of 578 kN (130 000 Ibf) and a wing loading
of 3831 N/m2 (80 lbf/ft2). The engine characteristics used for the basic airplane were
uprated in order to maintain a maximum thrust-weight ratio of 0.60 for the large airplane.
The mass and dimensional characteristics of both the basic and the large airplane are
presented in table I.



The transport-type cockpit was equipped with conventional flight and engine-thrust
controls and with a flight-instrument display representative of those found in current
transport airplanes. (See fig. 1.) A conventional cross-pointer-type flight director
instrument was used, and the command bars (cross-pointers) were driven by the main
computer program. (See ref. 1 for a description of the flight director system used in
this study.) One unique feature of the attitude director instrument (ADI) used in the
present study, but not used in reference 1, was the fast-slow feature of this instrument.
During the present investigation the fast-slow indicator (fig. 1) was used to provide the
pilot with information regarding the airspeed of the aircraft as compared with the desired
airspeed.

The control forces were provided by a hydraulic servosystem and were functions of
control displacement and rate. The control characteristics are defined in table II.

TESTS AND PROCEDURES

To obtain valid flying qualities data in the form of pilot ratings and comments, one
must carefully define, for the evaluation pilot, the mission which the air craft-pilot com-
bination will perform and the conditions under which it will be performed. For the pres-
ent study, the simulated airplane was defined as an all-weather STOL transport which
was to make landing approaches; the task was considered a two-pilot operation to the
extent that no allowance was made for typical additional duties, for example, flap setting,
communications, and so forth. Other factors such as passenger comfort were not con-
sidered by the pilot in making his evaluations.

The piloting task was an ILS approach, using a 6° slope, to break out at 60-m
(200-ft) altitude. The approach was initiated with the airplane in the power-approach
configuration (power for level flight), on localizer, at an altitude below the glide slope,
h ~ 610 m (2000 ft), and approximately 3.5 n. mi. from the runway threshold. The pilot's
task was to capture the glide slope and to track the localizer and glide slope as closely
as possible, while maintaining an airspeed of 75 knots under IFR conditions. Simulated
landing approaches were made wherein various combinations of values of Cm , Cm ,
and CHIQ were used as inputs in an attempt to define the minimum acceptable level
of longitudinal stability. The range of these coefficients was: CmQ! = -2.0 to 2.4;
Cmq = -100 to 10; and Cmc = 0 to -0.2. Only three values of CmCT were tested
(0,-0.1, and-0.2), CmcT - "O-1 being the base value. However, a sufficient num-
ber of combinations of Cma and Cniq were evaluated to define the pilot opinion
boundaries.



The effects of automatic airspeed control, airplane size, and atmospheric turbu-
lence were also considered. The turbulence model used was a Dryden model and included
scale lengths of 183 m (600 ft) for the longitudinal and lateral turbulence and 9 m (30 ft)
for the vertical turbulence. The root-mean-square gust intensities used for the longitu-
dinal, lateral, and vertical turbulence were 2.5, 1.6, and 1.5 knots, respectively. This
simulated turbulence was described by the pilot as representative of "light to moderate"
turbulence.

The only pilot to take part in this program was a NASA research pilot who has par-
ticipated in numerous STOL studies over the past years.. (See ref. 1.)

RESULTS AND DISCUSSION

As stated previously, the intent of this study is to present information that should
be of use in design evaluations of the flying qualities of STOL transport airplanes that
may be longitudinally unstable within the normal flight envelope. No attempt is made
here to establish detailed handling qualities criteria.

Although six degrees of freedom were simulated, the results of the study are pre-
sented and discussed in relation to pilot ratings and opinions of the longitudinal charac-
teristics. (See table III for pilot rating system.) The lateral-directional characteristics
remained constant for each flight condition; although they were not specifically optimized,
the pilot's comments indicated that the lateral-directional characteristics were such that
they did not influence the ratings obtained in the longitudinal evaluations.

The basic piloting technique for flying the landing approach was to control airspeed
with pitch attitude and to control the flight path (rate of descent) with thrust. During
landing approaches with this simulated powered-lift STOL airplane, it has been found that
pilots tended to use rapid and frequent control inputs rather than prolonged, slow control
inputs. Thus, the pilot's awareness of controllability and maneuverability was influenced
primarily by the short-term attitude response of the airplane to control inputs. The pilot
ratings obtained in this study and in former studies (for example, ref. 1) reflected primar-
ily the amount of difficulty the pilot had in controlling pitch attitude; the ratings were
affected by the responsiveness of the airplane to pitch control inputs, to the level of appar-
ent pitch damping, and to the amount and direction of pitch-attitude change (A0) due to a.
change in thrust (AT).

Pilot Opinion Boundaries

One of the primary objections to the unaugmented longitudinal handling qualities of
this STOL airplane was the low pitch damping. (See ref. 1.) Also, since damping in
pitch causes an "apparent" increase in the static stability of the airplane in maneuvering



(fig. 2) because of the classical maneuver margin, the damping -in -pitch parameter Cmq

was varied from -100 to 10 for values of CmQ! ranging from -2.0 to 2.4. The pilot was
asked to evaluate the longitudinal flight characteristics for each combination of deriva-
tives while performing IFR landing approaches. As expected, the results indicated that
the larger negative values of Cm (positive damping) produced the better pilot ratings
for air the test values of

The basic value used for Cmc was -0.1. The pilot opinion boundaries obtained
when various magnitudes of CmQ, and Cm were used in combination with the basic
value of Cm£ are presented in figure 3. The chief reason why the region of high

damping and high stability was given only an "acceptable" rating, as opposed to a "satis-

factory" rating, was that there were large pitch-attitude excursions associated with
changes in thrust. The region of high damping and positive CmQ[ was given an "accept -
ble" rating, as opposed to a "satisfactorv" rating, because of (a) the direction and magni-
tude of the quantity A0/AT and (b) the magnitude of the static stability. The remainder
of the "acceptable" region was not assigned "satisfactory" ratings primarily because of
the lack of adequate pitch damping.

An aircraft is usually referred to as being statically unstable if it has a positive
value of CmQ!. In this simulation study, however, when Cmc = -0.1, the pilot did not
observe any evidence of static instability until CmQf was increased to values larger
than 0.5. This phenomenon the pilot observed was due to the effects of the derivative
CmcT

 on tne overall speed stability of the airplane. That is, the product CmcTCT
in the pitching -moment equation can cause a change in the total pitching -moment coeffi-

rtrp

cient even if thrust is held constant, because C-p = and C-p can change as a
pV2S

result of change in airspeed. This characteristic is similar to the "Mach tuck" exhibited
at transonic speeds by conventional aircraft as described in reference 6. The fact that
the effective CmQ, can be stable (negative) when the actual CmQ, is unstable (positive)
is illustrated in figure 4. Because of the effect of Cm/-; °n the overall stability of the

airplane, the "effective" neutral static stability boundary for the precision configuration

would be at CmQ, = 0.548. (See fig. 4.) Similarly, the "effective" neutral maneuver
stability boundary is affected by the magnitude of Cmc . (See fig. 3.)

In an attempt to relate the pilot ratings to the response characteristics of the air-
plane, the computer -generated time histories of figure 5 were obtained wherein the con-
trol column was pulsed and the ensuing pitch attitude response recorded for the various
combinations of Cmq and CmQ,. As shown in figure 5(a), when the value of static
stability was CmQ, = -0.5, the pilot ratings varied from 2.5 (acceptable) for Cm- = -100
to 7.0 (unacceptable) for Cmq = 0. There is a similar correlation of pitch damping with
pilot rating when CmQ, = 0.2 (fig. 5(b)) or when Cma = 0.8 (fig. 5(c)). This correla-



tion of lower pilot rating with lower damping in pitch is understandable because of the
obvious increase in the oscillatory nature of the motion as the pitch damping is reduced.
However, the data show little correlation of pilot rating for a specific response; for
example, compare the responses shown in figures 5(a) and 5(b) for a pilot rating of 4.5.
It is obvious, then, that something other than pitch damping is affecting pilot opinion
(these factors being CmQ! and/or CmcT), regardless of whether the airplane is stat-
ically stable (-CmQ!) or unstable (+CmQf).

If the airplane has sufficient pitch damping, it might be assumed that the pitch
response is the factor which affects pilot rating as the static stability is varied. With
CmQ = -100 (very high damping), a 1° step input to the horizontal tail was made for
values of Cm ranging from -2.0 to 2.4, and the pitch-attitude response was measured.
(See fig. 6.) As can be seen from these data, there is again no definite correlation
between pilot rating and any specific pitch response. (Compare the time histories
obtained for Cma =. -2.0 and CmQ, = 0.80, and note that both conditions were assigned
a pilot rating of 5.5.J Therefore, something other than pitch response and pitch damping
must affect the pilot's opinion of the longitudinal characteristics.

The pilot observed that one of the major factors that influenced the ratings of the
longitudinal characteristics was the amount and direction of pitch-attitude change (A0)
brought about by a change in thrust (AT). With Cm = -100 (very high damping), a step
reduction of thrust, with a magnitude approximating that required to capture a 6 glide
slope, was made for values of CmQ! ranging from -2.0 to 2.4, and the pitch-attitude
response was measured. (See fig. 7.) It can be seen from these data that for a large
negative value of Cm , the airplane has a fairly large nose-down pitch for a step reduc-
tion in thrust. Also, with a CmQ, of -0.5 it is seen that essentially zero-pitch attitude
change is experienced when the thrust is reduced for glide-slope capture. (This was the
configuration assigned the best pilot rating.) For values of Cm > -0.5, the airplane
pitches nose-up for a reduction in thrust, the rate of pitch increasing as the CmQ! is
increased. The direction of pitch-attitude change (A0) associated with a change in thrust
(AC-T) depends upon the sign of the sum of (CmcT AC-p •*• Cma Aa). The effect of Cm<^
on the magnitude of "effective" CmQ, was discussed earlier in this section. The pilot
preferred to have zero-pitch change associated with changes in thrust, but he preferred
a nose-down change over a nose-up change for a reduction in thrust. The major reason
for such a preference was that it would be bothersome and dangerous to have the airplane
pitch nose-down when thrust was added for the landing flare.

All the time histories shown in figure 7 were obtained for a very high value of Cm

(cmq = -100J. As shown in figure 5, however, the magnitude of Cma greatly affects
the pitch-attitude response when the column is deflected. Likewise, the magnitude of

affects the pitching motion experienced when thrust is varied. (See fig. 8.)



As indicated in figure 9, the magnitude of Cmc can also affect the control of
pitch attitude. Figure 9 presents the pitch responses caused by a reduction in thrust for
several values of Cmc , and it can be seen that a larger A0 was experienced for the
larger negative value of Cmc . (it should be mentioned that the small A0 indicated
for the condition where Cmc = CmQ, = 0, is attributed to the effect of Cm^.J

Pilot evaluations were also obtained for the previously discussed Cmq and CmQ!

matrix, where CmQ was set equal to 0 as well as -0.2, and the resulting pilot opinion
boundaries are presented in figures 10 and 11, respectively. After comparing figures 10,
3, and 11 (CrncT ~ ^, -0.1, and -0.2, respectively), it can be seen that (a) there was no def-
inite trend regarding the magnitude of CnicT, ms°far as the likelihood of being within the
"satisfactory" region is concerned, and (b) it appears that the likelihood of being within an
"acceptable" region would be greater for CmcT = -0.1 than for CmcT = 0 or -0.2.
However, it can be concluded from these pilot opinion boundaries (figs. 3, 10, and 11) that
the pilot would accept, for emergency use, a decidedly unstable aircraft.

Comparison of Results With Dynamic Stability Requirements and Criteria

The results presented in figure 3, wherein the base value of Cm(-, was used,
were compared with some commonly used criteria for longitudinal handling qualities.
These criteria are presented in figure 12, and the comparisons of the results of figure 3
with these criteria are shown in figure 13. (The requirements of minimum damping for
"acceptable" operation have also been included where applicable.) As can be seen in
figure 13, the correlation of results of the present study with the criterion presented in
reference 7 is good. The correlation of these results with the criterion set forth in ref-
erence 8 is fair for the positive values of CmQ! tested. Note that no attempt is made
to correlate the present results with the criterion of reference 8 for the negative values
of Cm tested. No specific criterion is given in reference 8 for an "acceptable" level
of minimum damping; only a "satisfactory" level of minimum damping is presented there.
The correlation of the results of this study with the criterion proposed in reference 9
appears to be very good for the entire range of CmQ, tested, and the correlation with
the criterion presented in reference 10 appears to be poor for most of the Cma range
of the test. (Typical values of Cmq and Cma for the simulated STOL aircraft, as
well as for a typical CTOL jet transport are presented in fig. 13.]

It is concluded that the results of the present study correlated reasonably well with
the published STOL handling qualities requirements. The best correlation was with the
most recently published requirements. In addition, the results of the present STOL
simulation correlated poorly with the most recently published longitudinal handling quali-
ties requirements for CTOL aircraft. (See ref. 10:)
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Autospeed Control Operative

The autospeed system which was used drove a segment of the wing flap to maintain
a selected airspeed (75 knots for this study) as described in reference 1. The piloting
technique used to fly the approach when the autospeed control was operative was first to
use the throttles (thrust) to capture the glide slope while an attempt was made to maintain
a constant nose -up pitch attitude. The thrust was then held constant for the remainder of
the approach, and the pilot tracked the glide slope with the column and/or the pitch trim
control (pitch attitude).

The pilot opinion boundaries obtained when various magnitudes of CHIQ, and Cm™
were used in combination with CmQT = -0.1 and the autospeed operative are presented
in figure 14. After a comparison of the results of figure 14 with those of figure 3, which
were also obtained with Cmp = -0.1 but with no autospeed, it could generally be said
that they compare very well, particularly the "acceptable" boundaries. It may be noted
that the boundaries shown in figure 14 tend to shift upward (higher damping required)
from those boundaries presented in figure 3. The most probable explanation for this
effect is that the pilot desires higher damping when he uses pitch attitude for tracking
the glide slope (fig. 14) than when he uses pitch attitude for airspeed control (fig. 3).

Past investigations of CTOL aircraft, for which pitch attitude is used predominantly
to track the glide slope, have often related the pilot's willingness to accept the longitudi-
nal stability and control of a given configuration to the time required to halve or double
the amplitude. One example is the work reported in reference 11 and presented in fig-
ure 15, which shows that the minimum "acceptable" mean time to double was found to be
approximately 2.4 sec.

Since pitch attitude was used in this study to .track the glide slope when the auto-
speed was operative, the time to double the amplitude was calculated for various values
of CniQi and Cmq, and the results are presented in figure 16. These values of 1%
were then related to the maximum values of Cm^ and Cmq which the pilots had des-
ignated as being acceptable for the conditions presented in figures 3 and 14. As can be
seen, these pilot evaluations agree very well with those of reference 11 in that the mini-
mum acceptable value of t2 was found to be between 2.0 and 2.5 sec in this study com-
pared with the value of 2.4 sec reported in reference 11.

It must be mentioned, however, that the calculated t% values plotted in figure 16
did not include the effects of Cmc^> since t£ was calculated for a constant airspeed
and a constant thrust setting. In contrast, the "acceptable" boundaries of figures 3

11



and 14 were, at least to some extent, affected by the magnitude of Cm<-, . However,
if the maximum values of CniQ, and Cma found to be acceptable when Cm^ = 0
(fig. 10) are related to the corresponding values of i% of figure 16, it will be seen
that the minimum acceptable mean value of t2 is 2.5 sec. Likewise, the minimum
acceptable mean value of t2 is 2.25 sec when the maximum acceptable values of C
and cmq presented in figure 14 are used, (The parameter Cm(-, affected the pilot
ratings indicated in fig. 14 only during the glide-slope capture since thrust was held con-
stant during the glide- slope tracking.) Therefore, the "acceptable" boundary having a
mean t2 of 2.3 sec and shown in figure 16 is believed to be valid.

It is concluded, then, that a STOL airplane which has positive values of Cma
(destabilizing) in combination with negative values of Cm (stabilizing) that result in an
oscillation, or divergence that takes more than 2.5 sec to double the amplitude, could be
safely controlled (pilot rating of 6.5 or better on an ILS approach). In addition, diver-
gences that required less than 2.5 sec to double the amplitude were either marginal or
unacceptable.

Effects of Atmospheric Turbulence

As has been discussed in previous STOL simulation programs (in ref. 1, for exam-
ple), turbulence level and mean wind speed arid direction are important task variables in
STOL operations. Although the results discussed thus far were obtained without turbu-
lence, atmospheric turbulent conditions were considered in the present study. The sim-
ulated turbulence was described by the pilot as being representative of "light to moderate"
turbulence.

After many of the previously discussed stable and unstable conditions were flown in
the presence of turbulence, the effects of turbulence were found to be as follows: for the
"satisfactory" pilot ratings in calm air, the pilot rating increased about 1/2 rating in
turbulence; for the "acceptable" pilot ratings in calm air, the pilot rating increased 1/2
to 1 rating with turbulence; and for the "unacceptable" pilot ratings in calm air, the pilot
rating increased 1 or more ratings in turbulence. It is believed, however, that the pre-
viously discussed pilot opinion "boundaries" are still valid, even when turbulent conditions
are considered, since the "boundaries" were drawn as "bands" wide enough, to encompass
pilot rating changes up to 1 rating.

Effect of Aircraft Size

As stated previously, a larger aircraft, which had a gross weight of 578 kN
(130 000 Ibf) and a wing loading of 3831 N/m2 (80 lbf/ft2), was briefly evaluated. The
pilot opinion boundaries obtained when various magnitudes of CmQ, and Cm were
used as inputs for the larger airplane are presented in figure 17. If the "acceptable"
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boundary shown for the larger airplane (fig. 17) is compared with that shown for the
smaller airplane (fig. 3), it is apparent that the general shapes of the boundaries were
very similar but that the magnitudes of both Cm and Cma were very different.
Therefore, it was concluded that any pilot opinion boundary that may be drawn from the
results of this study should not be presented in coefficient form, since the coefficients
are independent of aircraft size. The "acceptable" boundaries of figures 3 and 17 were
replotted and are presented in figure 18 in dimensional form. As can be seen from fig-
ure 18, the results were in excellent agreement.

CONCLUDING REMARKS

A fixed-base simulator program was conducted to determine the minimum accept-
able level of longitudinal stability of a representative turbofan STOL (short take-off and
landing) transport airplane during the landing approach. The pilot ratings and opinion
boundaries presented in this paper reflect the effects of a combination of the level of
apparent pitch damping, the responsiveness of the airplane to a column input, and the
amount and direction of pitch-attitude disturbances caused by changes in thrust

t

coefficient.

The pilot opinion data showed that the pilot would accept, for emergency use, a
decidedly unstable airplane. Pilot ratings of 6.5 or better were assigned to many condi-
tions having positive values (destabilizing) of Cma (pitching-moment coefficient due to
angle of attack) and negative values (stabilizing) of Cmq (pitching-moment coefficient
due to rate of pitch). The degree of tolerable instability was a function of the amount of
damping present. The change in pitching moment with thrust coefficient had a stabilizing
effect when Cmp (pitching-moment coefficient due to thrust coefficient) had a nega-
tive value.

Pilot opinion was found to be related to divergence time rather than the degree of
static instability. It was concluded that, when a STOL airplane was unstable and required
2.5 sec or longer to diverge to double the amplitude in pitch, it could be safely controlled
on an ILS (instrument landing system) approach (a pilot rating of 6.5 or better). Diver-
gences that doubled the pitch amplitude in less than 2.5 sec were either marginal or
unacceptable.

The results of this study correlate well with some of the most recently published
STOL longitudinal handling qualities criteria. Most of the results were obtained in calm
air. However, the introduction of "moderate to light" atmospheric turbulence did not
appreciably affect the pilot opinion boundaries.

It was concluded that any boundary or boundaries that may be drawn from the
results of this study should be presented in dimensional, not coefficient, form since the

13



coefficients are independent of aircraft size. Aircraft size did not affect the conclusions
drawn in this paper.

Langley Research Center,
National Aeronautics and Space Administration,

Hampton, Va., June 28, 1974.
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TABLE I.- MASS AND DIMENSIONAL CHARACTERISTICS

Basic aircraft

Weight, N (Ibf) 245 096 (55 100)
Wing area, m2 (ft2) 78 (843)
Wing span, m (ft) . . .- 24 (78)
Mean aerodynamic chord, m (ft) 3.58 (11.74)
Ix, kg-m2 (slug-ft2) 331 103 (244 212)
IY, kg-m2 (slug-ft2) 334 637 (246 819)
IZ, kg-m2 (slug-ft2) 625 677 (461 482)
Ixz, kg-m2 (slug-ft2) 27 690 (20 423)

Larger aircraft

578 266 (130 000)
151 (1 625)
32 (105)
4 (13)

1 525 275 (1 125 000)
3 558 975 (2 625 000)
4 880 880

0

(3 600 000)

(0)

TABLE II.- SIMULATOR CONTROL CHARACTERISTICS

Control

Column:
Forward
Aft

Wheel

Pedal

Maximum travel in -

deg

9.9
20.5

±130.0

cm

13.97
25.25

±37.34

10.80

in.

5.50
9.94

±14.70

4.25

Breakout
force

N

13.3

11.1

31.1

Ibf

3.0

2.5

7.0

Force
gradient

N/cm

14.0

5.3

28.9

Ibf/in.

8.0

3.0

16.5
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L-72-3813.2
(a) Simulator cockpit.

Raw glide-slope
information

flight director
. cross pointers

L-73-4451.1
(b) Attitude director indicator (ADI).

Figure 1. - Simulator cockpit and instrument display.
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Airspeed = 75 knots
Pilot task: ILS approach
Pilot technique: Thrust for flight-path control

Pitch attitude for airspeed control

-100

-90

-70

-60

-50

-40

E -30

-20

-10

30

Acceptable

I I I I
-2.0 -1.6 -1.2 -.8 -.4 1.2 1.6 2.0

C .per radian
a

-2.55 -2.15 -1.75 -1.35 -.95 -.55 -.15 .25 .65 1.05 1.45

Effective C , per radian

Figures. Effect of Cmq and CmQ! on pilot opinion for CmcT = -0.10.
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20

A0, deg 0

-20

20

A9, deg 0

-20

20

A6, deg Q

. -20

20

A6, deg 0

_•—*-

-20 L

20

A6, deg o

-20

20

A6, deg 0

-20

20

A6, deg 0

-20

V-2.015.5)

Cm = -0.5(2.5)

= 0 ( 3 . 0 )

c
m = 0 . 4 ( 5 . 5 )

a

Cm =0 .8 (5 .5 )
'"a

C m = 1 . 2 ( 6 . 0 )
'"a

Cm =2.4(10.0)

I I I I i
0 2 4 , 6 8 1 0 1 2 1 4

Time, sec

Figure 6.- Pitch attitude response to a step input of the
horizontal tail. Cmq = -100 in each instance. The
numbers in parentheses indicate pilot rating.
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a
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r c =-0.5 ( 2.5 >
ma

C m = 0 ( 3 . 0 )
a

C =0.4 ( 5.5 )
m

r " a

. • • • * ' * '

_

r~ . • * c =0.8 ( 5.5 )• m
• Q

. T - • * *

1

. • C =1.2 ( 6 . 0 )
. • a

• • *

_

— •
C =2.4 ( 10.0 )

m
• • Q

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Time, sec

Figure 7.- Pitch-attitude response to a thrust reduction
step input. Cm~ = -100 and Cm(-, =-0.10 in each
instance. The numbers in parentheses indicate pilot
rating.
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Airspeed = 75 knots
Pilot task: ILS approach
Pilot technique : Thrust fot flight -path control

Pitch attitude for airspeed control

S.

&

-100.

-90 _

-80

-70

-60

-50

-40

-30

-20

-10

20

-2.0 -1.6 -1.2 -.8 -.4 .4 .8 1.2 1.6 2.0

C , per radian
V

Figure .10.- Effect of Cmq and CmQ, on pilot opinion for CmCT = 0.
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Airspeed = 75 knots
Pilot task : ILS approach
Pilot technique: Thrust (or flight-path control

Pitch attitude for airspeed control

-100

-90

-70

-60

-50

-30

-20

-10

30 L_

Acceptable

Unacceptable

Acceptable

Effective neutral
maneuver stability

/I

L
-2.0

I I I I I I
-1.6 -1.2 -.8

I I I- I

0 .4

, per radian

1 I

.8 1.2 1.6 2.0

I I
-3.1 -2.7 -2.3 -1.9 -1.5 -1.1 -.7 -.3 .1 .5 .9

Effective C , per radian

Figure 11.-Effect of Cmq and CmQ, on pilot opinion for

CmcT = -0-20.
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Single
- failure

limit

u_ , rad/sec

1.4

I I I I I I I I I I
.8 1.2 1.6

2 C U n , I/sec

2.0

(a) Dynamic requirements of
AGARD 408A (ref. 7).

Acceptable

1 2 3 4 5
2{;un. I/sec

(c) Short term response requirements
of MIL-F-83300 (ref. 9).

u'd . rad/sec
Satisfactory Acceptable r Unacceptable

I Y I I
0 .1

- C"n . I / s e c

(b) Longitudinal dynamic stability
criteria of AGARD 577 (ref. 8).

100.0

60.0

30.0

10.0

"n. ra<"sec 6.0

3.0

2.0

1.0

.7

Satisfactory I 0.35< I,*: 1.30 I
Acceptable I 0.25<= c«c 2.00 I

Unacceptable

J I
1 2 3 5 10 20 50 100

n/a . g uni ts / rad

(d) Short-period frequency and damp-
ing requirements of MIL-F-8785B
(ref. 10).

Figure 12.- Some published longitudinal handling qualities criteria.
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(a) Requirements of reference 7.
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(b) Requirements of reference 8.

-100
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-60

C , per radian

-40

-20
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(c) Requirements of reference 9. (d) Requirements of reference 10.

Figure 13.- Comparison of results presented in figure 3 with the criteria of figure 12.
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Airspeed = 75 knots
Pilot task: ILS approach
Pilottechnique-.Thrustlorglide-stopecapture 1 Autospeed control

Pitch attitude for glide -slope t™-i<innl operativeracking]
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I I I I
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Figure 14.-Effect of Cmq and Cma on pilot opinion for
CHIP - -1.10 and autospeed operative.
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Airspeed = 75 knots
Pilot task: ILS approach
Pilot technique: Thrust for flight- path control

Pitch attitude for airspeed control

-300

-250

-200

-150

-100

-50

0|

Satisfactory

C , per radian

-2.45 -1.45 -.45 .55 1.55 2.55 3.55 4.55 5.55 6.55

Effective C per radian
ma

Figure 17.- Effect of Cmq and Cma on pilot opinion for the
"larger" aircraft.
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Figure 18.- Comparison of pilot opinion of the "basic" and "large" airplanes.
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