m AIAA 82-4150

Stall ing Characteristics of a Generai
Aviation Aircraft

R.F. Stengel and W.B. Nixon

Reprinted from
=
£ aW  Volume 19, Number 6, June 1982, Page 425
l gB Copyright American Institule of Aeronatics and Astronautics, Inc., 1981,
BB Al rights reserved.

AMERICAN INSTITUTE OF AERONAUTICS AND ASTRONAUTICS o 1290 AVENUE OF THE AMERICAS « NEW YORK, NEW YORK, N.Y. 10104



VOL. 18, NO. 6, JUNE 1982

AlAA 82-4150

}. AIRCRAFT 425

Stailing Characteristics of a General Aviation Aircraft

Robert F. Stengel” and W. Barry Nixont
Princeton University, Princeton, N.J.

Analytical and numerical estimates of the stalling characteristics of 2 small, single-engine aircrait are com-
pared with flight test results. Analyses include nonlinear simulation and linear stabifity-and-control evaluation,
using zerodynamic and thrast characleristics obtained from a fuli-seale test in the NASA Langley Research
Center 30 X 60-f1 Wind Tunnel us well as subscale model test data. Flight tests include presisil calibration runs,
symumtetric gradual stalls, and mildly =ccelersied stalls in the vertical plane. These fests fend to confirm
prediciions based open wind-tunne] results, and thev indicate areas in which specinl care must he faken in

collecting datz for serodynamic parameter identification.

Nomenclature
= Avionics Research Aircraft
=drag coefficient = drag force/asS
=1ift coefficient = lift force/4S
=pitching coefficient = pitching moment/gS¢
= axial force coefficient = axial force/g8
=normal {orce coefficient = normal force/G8s
=reference length, m (ft)
= center of gravity
=stability matrix
=dynamic vectior
=conirol matrix
= general aviation
=gravitational acceleration, m/s? {ft/s%}
= output mairices
=axial c.g. location, T
=pitching moment of inertia, kg-m? (slug-f1?)
=y~ 1
= knots indicated atrspeed
=altitude-hold controt gains
=distance between wing and horizontal tail
centers of pressure, m {ft)
=mass, kg {slug} :
m.a.c. =mean acrodynamic chord, m (ft)
max = maximum power avatlable
PDM = pulse-duration modulation
7 = pitching angular velocity, deg/s
& =dynamic pressure=p¥2/2, N/m? {ib/ft2)
s =wing (reference) area, m? {f12)
SL = sez jevel
T’ =thrust cocfficient = thrust force/aS
u =axial velocity, m/s {ft/s)
v = total velocity (airspeed), m/s {fi/s}
w = normal velocity, m/s (ft/s) ‘
X =range, or aircraft axial position, m {ft)
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=state vector
= output vector
= altitude {negative), or aircraft normal position,
m {1}
o =angle of attack, deg
& =sideslip angle, deg
¥ = flight-path angle, deg
5 = conirol vectar
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&F =elevator angle, deg
& =fraction of power available
p =propeiler efficiency
[ = pitching angle, deg
o = air density, kg/m? {slug/{t3)
g =real part of eigenvalue
@ =imaginary pari of eigenvalue
A ) = perturbation guantity
() = equilibrinm value
("3 =(-)¢6/2V
introduction

HEM an aircraft’s angle of attack is small, the lft
produced by the wing and horizontal tail is
proportional to that angle, facilitating flight-path
management through angular control. At sufficiently high
angle of attack, the aircraft “‘stalls,”” i.e., the }ift reaches a
maximum value, and the ability to affect the flight path
through angular control is greatly diminished. The resuiting
loss of lift, which often is accompanied by degraded lateral-
directional control, creates a threat to safe flight that is
especially critical at low altitude. On reaching the stall, the
aircraft may develop a high sink rate or roll off into a spin, If
the pilot fails to execute proper recovery procedures or has
insufficient altitude within which to perform the recovery
maneuver, ground impact is unavoidable. The problem of
stall/spin accidents is particularly severe for small Hght
planes, or genmeral aviation (GA) aircraft. In recent years
(1965-1976), more than one-tenth of all single-engine light
plane accidents and nearly one-third of all fatal light plane
accidents in the United States have been related to the stall. 12
Early work on the stall by the British Aeronautical
Research Commities included flight tests of bipianes to
determine lateral-directional behavior in stalled flights$ and
analyses of longitudinal stability at high angle of attack.™®
General observations on the stall were offered in Ref. 9, while
Refs, 16-13 provided extensive material on stali acrodynamics
for g variety of aircraft and wing planforms over a wide range
of flight conditions. Computational simulations have
augmented flight test, aerodynamic, and analytical resuits, as
in Ref. 14 and several papers in Ref. 15, while Ref. i6 has
treated the “‘superstall’” case, for which the aircraft may
possess multiple trim points at a single elevator setring.
Determining a full-scale aircraft’s aerodynamic coefficients
from flight data is a fundamentai objective of fiight testing. It
is difficult to measure these data at high angles of attack
because the coefficients often are nonlinear functions of the
flight variables, and instrumentation is subject to increased
error, if the assumed aerodynamic model is inappropriate or
incomplete, “‘best fit”’ coefficients that are physically illogical
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c} Fig. 1 Test vehicles and model.

can be computed. Therefore it is necessary to invoke ad-
ditional knowledge, ¢.g., aerodynamic theory and wind-
tunnel testing, to formulate suitable structures for
aerodynamic coefficient models.

The present investigation is g preliminary step in the
development of new technigues for identifying stalling regime
coefficients from flight test data. A comprehensive
longitudinal aerodynamic model is developed from wind-
tunnel data, stailing maneuvers are simulated via digital
computation, and the results are compared with the actual
stalling maneuvers of a full-scale aircraft, Princeton’s
Avionics Research Aircraft (ARA). The ARA is well-suited
for this study because full-scale wind-tunnel data are available
for angles of attack in the neighborhood of stall.i7.18

Avionics Research Alrcraft

Physical characteristics of the ARA (Fig. 1a) are similar to
the standard Navion.!” The principal differences between the
ARA and the MNavion A are that the vertical tail and rudder
have been lengthened by 0.36 m (14 in.) for increased
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directional stability. The vertical fin has a 3-deg offset to
counter thrusting effects. There is a 3-deg ‘““washout™ and
increased camber in progressing from the wing root to tp,
both of which encourage the root to stall before the tip,
improving lateral controllability at high angles of attack.
There are stall strips on the root ieading edges to further
promote root stall, Additional details can be found in Ref. 19,

Instrumentation for the stalling tests included linear ac-
celerometers, attitude and rate gyros, angle-of-attack (o) and
sideslip-angle {3) vanes, airspeed sensor, and control position
potentiometers. In addition to these telemetered signals, the
pilot reported panel readings of barometric altitude, airspeed,
air temperature, and engine manifold pressure at regular
intervals. The o and § vanes were mounted on streamlined
housings that extended 6.71 m (2.33 £t} laterally from the
wing-tip 35% chord stations. Angle-of-attack signals from
opposite wing tips were summed to cancel roil rate effects,
and the instruments were reset to allow a signal range of §-52
deg. Inertial sensors were mounted within a few inches of the
aircraft’s c.g.

The ARA was equipped with a 212-kW {285 hp)
reciprocating engine, rpm governor, and rwo-bladed 2.13-m
{7 £t} propeiler. Engine speed was regulated at 2300 rpm for
these tests,

Full-Scale Wind-Tunnet Airframe

The Navion airframe tested in the NASA Langley Research
Center 30 x 60-ft Wind Tunnel (Fig. 1b) was standard in most
respects. Horizontal tail incidences of 45 deg were used in the
wind-tunnel tests. The reciprocating engine was replaced by a
F9B-kKW (2686 hp) electric motor with controllable pitch
propeller, ' aliowing power effects for thrust coefficients 77
up to §.23 to be assessed. The airframe was mounted on a
three-peint balance for force and moment measurements.

Subseale Wind-Tunnel Modei

The unpowered 1:16.7-scale model (Fig. 1) was
geometrically identical to the full-scale Navion. Ailerons,
ctevator, and fiaps were movable; the vertical fin offset, {ail
incidence, wing washout, and chord section of the full-scale
aircraft were duplicated. A 0.6-cm (0.25 in.) strip of fine grit
was applied to the upper wing surface at the 10% local chord
as a boundary-layer trip. The model was tested in Princeton’s
2% 3-fr Student Wind Tunnel and 3 x 4-ft 3-D Smoke Tunnel.

Mathematical Model of the Alreraft
Force and Moment Coefficients

Full-scale iift, drag, and pitching moment coefficients were
measured at angles of attack « ranging from —4 to 22 deg.VV
Measurements were made with the propeller removed and
with idle to climbing thrust, Tunnel airspeed was 28.3 m/s (83
£1/s}, giving a Reynolds number of 3.37 x 108,

The stafic coefficients, together with their body-axis
transformations, €, and C,, exhibit conventional variations
with « (Fig. 2}. €, and C, represent net noadimensional
force-balance measurements, i.e,, thrust and aercdynamic
effects are not separated; hence Cf, takes on negative values
as the thrust increases. €, is augmented by thrust at all «
because the air velocity over the wing’s inboard section is
increased in the propeller’s wake, Zero-thrust lift appears to
reach its maximum (stalled) value at a=22 deg; thrust
decreases o, but €y .., increases by 16% owing, in part, to
tilting of the thrust axis.

Dynamic derivatives were not measured in the full-scale
tunnel tests, so eostimates were based upon the flight test
resuits of Ref. 2Q. These maximum-likelihood parameter
estimates used flight data from Princeton’s Variable-
Response Research Aircraft (VRA), which was dynamically
identical to the ARA at the time of the tests.

The static asrodynamic coefficient tables were extended to
=060 deg using subscale wind-tunnel data. Student Wind-
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Fig. 3 Combired siatic longitudinal model {zero thrust).

Tunnel airspeed was 40 m/s (130 fi/s), with an equivaient
Revrnoids number of 2.8 x 10%. At low «, the unpowered full-
scale and subscale O, differed by a maximum of 10%; trends
in the subscale £ and € were in agreement with the fuli-
scale data and were within 10% of full-scale numerical values
at o =22-deg. The subscale data taken at higher angles were
appended to the full-scale data, with approximate bias
corrections for the differences in sub- and fuli-scale values in
the 18-22 deg « range but without tunnel wall or blockage
corrections. Power was assumed to-have the same incremental
effects on C,, and C; as on the full-scale airframe at o = [R-22
deg; power effects on €, at high « were neglected.

The combined zero-thrust static longitudina!l coefficients,
iflustrated in Fig. 3, have three characteristics of note. The
wing stalling effects are confined principally to C,;, which
shows a prestall flattening at o= 18 deg and a stall break at
=22 deg. C, is guadratic in o for low angles, but it is linear
in the 20-50 deg range. The pitching moment slope changes
sign for «=38-45 deg, implying a region of local instabitity
and the possibility of a superstall equilibriom beyond o =45
deg; however, meither problem can occur unless the aircraft
can trim in the region. With the rotational center at 25%
m.a.c. (as shown}, the maximum AL, that can be produced
by the elevator is 0.54, far short of the 0.9 required for trim at
high o, An aft center-of-gravity {c.g.} shift of more than 20%
would be required o experience pitch instability or superstall
with full negative 8, this would piace the ¢.g. well behind its
certified aft Limmit.

Results of Flow Visualizetion

Insight regarding the flow which leads to the forces and
moments shown in Fig. 3 was gained using two flow
visualization techmigues. Thread tufis were glued to the
subscale model’s upper surfaces, fuselage, and vertical tail for
tests at 40 m/s in the Student Wind Tunnel. Photographs of
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airflow adiacent to the subscale model were taken with stream
velocities of 3-5 m/s {10-16 ft/s) in the 3-D Smoke Tunnel.

Both techniques showed an area of {low separation on the
upper wing surface near the root trailing edge with o =0 deg.
The separated flow progressed forward and outward as angle
of attack increased, and an area of separated flow appeared in
the vicinity of the flap-aileron juncture.

The horizontal tail is immersed in the wing wake up to
angles well beyond the stall, Spanwise deflection of the wake
is negligible at all angles; wing incidence and high camber
provide zero-o lift, and tip vorticity is present at angles of
zerg and above, The stall break is characterized by in-
creasingly diffuse wing wake and tip vortex.

The horizontal tail emerges from the central portion of the
wing wake in the vicinity of the “unstable’ pitching moment
break, i.e., at angles near 40 deg. The wing produces less
downwash as o increases, and the wing and tail flowfields are
essentially independent when o =60 deg.

Thrust Model

The ARA’s thrust model is a complex funciion of power
available, rpm, throttle setting, and propeller efficiency which
must be related to the thrust coefficient 7 in order to
determine C,, Cp,, and C,, {as shown in Fig. 2). A detailed
description 1s beyond the scope of this paper, but the
development, which follows Ref. 21, takes account of the fact
that the ARA is equipped with a variable-pitch, constant-rpm
propeller. At a fixed altitude, a constani-rpm reciprocating
engine operates at constant power, and the thrust delivered by
the propeller is simply power divided by velocity. The power
delivered, accounting for propeller efficiency (in turn a
function of the propeller’s advance ratio} is a function of
altitude. The control variable 8T varies betweea ( and 1,
modulating the power available, and, therefore, the thrust.
Since thrust= T 45 and the dynamic pressure § is determined
by the flight condition, 87 specifies T/. 87 approximates a
sine fFunction of the cockpit throttle quadrant setfing.

Compeiational Analysis
Longituding] Equstions of Motion

ARA flight paths were simulated by numerically integrating
six ordinary differential equations:

zézECXvia,T;)—Cﬂccom}qS/m—gsiﬁ@—-qw {1

w:Cz?qS/mﬁ-gcos@%-qa (2}

o LW .
g= HCM (0, 7) +Cp hhy +C,, ( W} +Cpp (T

x {1+ %LC ) 55] Vi+C, W/ZE;JS(‘HEW 3)
d=g #
#=cosf — wsing {5}
= —usind + wcosé {6}

where
a=tan~! {(w/u} (7}
Vs (22 4 wl) ¥ 8
g=pV?/2 ®
p=pg, e{3.525% 1032 (f1) (1%
Czp=CataTI)+Cy, f—;) +Cy, {0, T/ YE=Cp_sinc

{11}
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T/ =29,P 0T/ 05 SV? (12)

Ah,, Tepresenis any shift of the c.g. from the reference point
as a fraction of m.a.c. Cp, s the drag coefficient of the gear
and cowl flaps. Linear inferpolation of tabulated data and
fourth-order Runge-Kutta integration were used in the
solution of these eguations.

Eguations (1-6} can be expressed as the state eguation:

x=f(x,3] ' (13)

The siate vecior x contains bedy-axis axial and normal
velocities w, w, pitch rate g, pitch angle 6, and inertial forward
and vertical pesitions x,z. The controf vector & contains
clevator angle 8F and power controi 67. Given airspeed,
altitude, and aireraft configuration, level flight trim values of
a, 8E, and 8T, were found by minimizing 2 quadratic function
of @, w, and 4. At a function minimum, the three ratesare
zero, ¢ =0, and f=o.

Linearized eqguations of motion, useful for assessing the
stability of the aircraft and iis response 10 smali per-
turbations, are found by expanding both sides of Eg. (13} in
Taylor series. The trim condition specifies the nominal
{zeroth-order} soluiion, while the perturbation equations are
specified by the firsi-order terms of the expansion:

A¥=FAx+GAS (14)
with
F=8fjax | G=20f/38
;x:xo X=Xy
[8=3, =3, (1%}

F and G contain the conventiona! stability-and-control
derivatives; they can be approximated at each trim point by
Af/Ax and Af/AS, respectively, i.e., by repeated evaluation of
Eq. {13} with incremental variations in the state and control.
The local stabifity of flight-path motions then is predicted by
the eigenvalues of F, while the relative involvement of the
state components in each mode of motion is predicted by the
associated eigenvectors. 22

Equiiibrium solutions of Eq. (14) are found by setting
Ax=0: denoting steady-state values by ( )7,

Axt=—FIGAS” {16}

The eguation describes the aircraft’s response to the pilot’s
commands after all transients have decayed; as such, it is a
fundamentai measure of aircraft behavior.

Conversely, the control perturbations required to cause a
given variation in trim condition can be found by solving Eg.
(16) subject to an guxiliary constraint,

Ayt = H Ax* + H A6 amn

as in Ref. 23. The swo equations are solved simultaneously to
find both state and conirol perturbations corresponding to the
desired trim variation, Ay™:

D Ax

- I

1
H i
4 L% x &

Because Bg. (13} is sixth-order, Eq. (14} is sixth-order, The
six eigenvalues represent the aircraft’s short period, phugoid,
height, and range modes. Range (x} does not alter the “‘flat-
eatth’” dynamics of Egs. {1-8), so its eigenvalue is identically
zero, and the remaining five eigenvalues can be determined
without consideration of range.

1 AIRCRAFT

The height mode (Ref. 24) arises from the altitude
dependency of air density. The ARA’s height mode has a
stable time constant of about 1000 s, substantially longer than
the time scales of the short period and phugeid modes and of
no direct consequence in the evolution of the stall, The short
periad ““attitude’ mode and phugoid ‘“‘energy’” mode are well
described by a fourth-order model using Aw, Aw, Ag, and A
as state variables. There is, however, an important difference
between the equilibrium solutions of fourth- and fifth-order
models; the former admits steady-state solutions with noa-
zero flight-path angle, i.e., steadily changing aliitude,
whereas the latter does not. In the first case, a thrust increase
leads to a steady climb; in the second, the climb angle
diminishes with decreasing air density. The fourth-order trim
soluticn is seen o be only quasisteady, but for time scales
shorter than the height mode time constant, it provides useful
results.

Guasisteady trim values of true airspeed ¥ and flight-path
angle v are central to flight-path management, and any effects
which stall may have on the relationships between AV®, 4v7,
and control perturbations are of interest. Expanding Egs. {7}
and (8} and noting that

y=b-c (19)

in planar motion, Ay* = [AVP"Ay*]7, and
AV = (U Au* + wAwr) Y, 20}
Ay = AFF F (Wohu® —u  AwR N VE (2%}

This specifies }{ for Eq. (18). As the contro} enters neither
equation, H; =4,

Trim and Stability Characteristics

Trim characteristics with the nomina! weight and center of
gravity are estimated as functions of airspeed in Fig. 4 using
the wind-tunnel data and the nonlinear equations of motion.
At an altitude of 2286 m (7500 fr), maximum airspeed is 113
kias, and the minimum-power airspeed is 65 kias. The
negative tail incidence leads to positive elevator settings,
except at the lowest airspeeds, where high a is required for
level flight, Flight measurements of trim, denoted by symbols
in Fig. 4, are discussed in a later section.

Corresponding short period and phugoid eigenvalues
(upper half-plane only} are plotted in Fig. 5. Above the
minimum-power point, increasing speed leads to higher short
period natural frequency with modest increase in damping.
Below this peint, decreasing speed has littie effect on natural
frequency, but there is a sharp drop in short period damping
as stafling angles are approached. Concurrently, the phugoid
natural frequency increases, and there is more couplking
between altitude and flight-path variables. This is reflected in
ihe magnitude of eigenvector componenis, illustrated by Fig.
6. The Aa and Ag components of the phugoid eigenvector are

“somewhat larger at low speed than at high speed, while A

plays a greater part in short period motion at low speed than
at high speed.

Figure 5 also shows the destabilizing effect of aft c.g. travel
for a velocity of 40.8 m/s {133.8 fi/s). The effect on phugoid
roots is minimal, but the complex short period roots coalesce
with an aft shift of 16%, and-one root eventually becomes
unstabie,

Trim sensitivities vary with airspeed. Using Eas. (16}, {20},
and {21}, Fig. 7a presents Ay*/ASE®, AVS/ASEY, Ayt JAZTY,
and AV*/AST* for the fourth-order linear model at the
nominal aititude. Holding throttle constant, smail positive
perturbations of the elevator are shown (o decrease the
steady-state flight-path angle sbove the minimum-power
point, and they lead to increased velocity during the resulting
descent. Small positive variations in throtile setiing {with no
slevator compensalion) cause the aircraft to climb; for
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Fig. 4 Trim characteristics of the ARA. Altitude = 2386 m {7560 f0).
Solid lines generated by wind-tunnet data; flight test results indicated
by symbois,
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Fig. 5 Effects of trim sirspeed and c.g. location on short period and
phugoid eigenvalues. Altitude = 2286 m (7580 {1,

V= 305wy (J00 est ¥ = 67 s (220 Fee)

I
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SHORT ¥ N
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Fig. 6 Eigenvector magnitudes at fwe trim sirspeeds. Altitude = 2286
m {7508 £t

nominal trim speeds below 60 m/s {15¢ fi/s}, the climb is
accompanied by a small loss in sirspeed.

The inverse reiationships, found from Egs. (18}, (20}, and
(21} are plotted in Fig. 7b. Elevator and throtile settings
required for unit changes in Ay® and no change in A¥* are
shown as solid lines, whereas control variations for AV®
variations without Av® variations are shown by dashed lines.
To climb without changing airspeed when the nominal air-
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Fig. 7 GLimear trim sensitivities as funciions of airspeed.
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Fiz. 8 Power-off tlight paths with initial trim elevator (case A) and
aititude-hoid elevator control. Elevator szturates 5t — 19 deg (rase B,
— 20 deg (case C), and — 30 deg (case D).

7030

speed is above 32 m/s {105 Tt/s), the throtile is advanced. The
control yoke is pushed forward (positive ASE} substantially at
low speed, but there is negligible deflection for airspeeds
above 40 m/s { ~ 130 ft/s). Incremental changes in airspeed
are accomplished primarily with the elevator, and the
corresponding throttle correction changes sign at the
minimum-power point.
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Fig. 9 Survey of stability-and-control characteristics for the power-
off flight paths,

Examples of Stailing Response

The aerodynamic model and equations of motion are used
10 simulate gradual and abrupt sialls and {0 demonstrate the
superstalt in the vertical plane. The abrupt (*‘accelerated™)
stall is readily simulated using step changes in control settings,
but the gradual stall can occur only as the result of smoothly
changing control. To provide some common basis for
computation and flight test, the gradual stall was entered as a
consequence of attempting fo hold altitude with elevator alone
once the throttle had been retarded to idle. During the ARA
flights, the pilot used the rate-of-climb indicator as his
primary control reference, with occasional reference to the
altimeter. For the computed simuiation, an analogous closed-
loop control law was implemented:

BE(t) =k, [K,2(1) +2(2) ] +8E, 22)

8F, was the trim elevator setting prior to thrust cutoff.
Control gains of £, = —0.3 and &, =5 provided smooth stail
entries at the nominal starting condition of 70 kias and 2286-
m {7500 ft) altitude.

With zero thrust, the aircraft begins to descend, and the
closed-loop elevator setting grows until the saturation limit is
reached. Figure 8 compares a descent at the original trimmed
cievator setting {case A} with closed-loop flight paths (cases B,
C, and D) in which the elevator limits at — 10, —20, and - 30
deg, respectively. Once the throitle is cut, case A is charac-
terized by a large amplitude phugoid osciliation and rapid
altitude loss at nearly constant «. The closed-loop controls
keep altitude within 18 m (60 f1} of its original value for the
first 10 s; conirol saturation leads to retrimming at prestali
{case B}, stal} {case C}, and posistall (case D) angles of attack.
Phugoid oscillations and rapid rates of descent follow in all
three cases. Note that there is no particularly severe motion in
passing through the stall (case D}, although the magnitudes of
resulting motions are proportionately larger than for cases B
and C.

Figure 9 shows that the stability and mode shapes in the
stalled region are somewhat similar to the unstalled case, but
the quasisteady trim perturbation behavior is decidedly
different, To produce this figure, linear models for the four
cases were generated at points near f=15 s characterized by
unity load factor. Short period eigenvalues of the prestail,
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Fig. 10 Effecis of 2ft c.g. 2nd varying elevator limils on power-off
fiight paths. .ﬁs‘?cg = —§,22. Elevator ssiurates at — 30 deg (case A),
— 34 deg icase B), and — 34,5 deg {case £}

stall, and poststall cases have about the same natural
frequency but less damping than the unstalled case, while
phugoid eigenvalues evidence higher frequency and greater
damping (Fig. 9a). The eigenvector magnitudes indicate
greater coupling between the modes in the stall regime, but
not of an inordinate degree (Fig. 9b). For all the cases, in-
creasing Av* requires increased throttle and elevator {pitch-
down) settings, but the throttle reguirement for velocity
variations changes sign in the stall regime {Fig. 9c).

As suggested earlier, it is possibie to trim in the superstall
region if the c.g. is moved far enough aft. For the present
model, the elevator limit also must be increased, because low-
o static instability prevenis Ak, from exceeding —22%.
Figure 10 illustrates the gradual stalls which occur with this
aft c.g. position and elevator limits of —30, —34, and —34.5
deg (cases A, B, and C). The altitude-hold elevator trace is
similar to that experienced with forward c.g., but thereis a 2-s
neutral oscillation in §F prior to its divergence to saturation.
As before, @ and ¥ compensate {or the lost thrust up to the
elevator Himit. The case A angle-of-attack trace is simiiar o
the forward c.g. resuits, although overshoot and guasisteady
values of ¢ are larger. Case B shows greater overshoot before
settling at an « slightly higher than case A’s.

Increasing the §& limit by ¥ deg evokes a jump to the
superstall angle of attack. The 3-s transition from a=41 1048
deg is accompanied by a modest pitch-up, and it resuits
ultimately in descent at steeper flight-path angle and lower
airspeed. in the present case, recovery to lower a could be
accomplished readily by positive deflection of the elevator.

Power setting can have a major influence on the abrupt
stall, as Fig. 11 shows. Beginning at 90 kias and 2286-m (7500
1) altitude, the elevator is deflected — 16 deg from trim. For
case A, 87 is unchanged; for case B, &7 is simultanecusly
zeroed. In both cases, the aircraft piiches up and loses air-
speed. With power off, the aircraft begins to level off before o
has reached its maximum, stalling value. With power on, the
aircraft drives to higher vy and more nearly vertical pitch
attitude {(f_,, =70 deg). Gravity has greater affect on air-
speed, and as the aircraft falls through, the combination of
low airspeed and high attitude momentarily drives angle of
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attack beyond 50 deg. The minimum pitch rate lags the
maximum o, confirming the fact that the extreme fiight path,
and not attitude dynamics, is the source of the o excursion.
This section concludes with an example of what might be
called ‘“‘pseudostall,”” in which nonstalling flight motions
during takeoffl could deceive the novice pilot, with possibly
severe consequences. Consider what happens when the air-
craft is initially trimmed for 62 kias (105 ft/s) at sea level and
the throttle is advanced from 35% {trim) to full power with no
corresponding elevator correction. Figure 12 illustrates that «
actually decreases as the aircraft begins to climb, but a large
amplitude phugoid oscillation is excited by the throttle ad-
vance. In 9 s, # has topped 30 deg, angd velocity is decreasing,
With no further contro! actions the aircraft will continue to
climb, although v drops near zerg periodically. If the pilot
raistakes high @ for high o or is momentarily distracted during
the  buildup, he mayv push the voke forward just as the
aircraft is about to correct for the out-of-trim condition.
Flight-path angle thern is likely to drop below zero, and, since
the aireraft is in close proximity to the ground, the possibility

Fig. 13 Gradust ARA stall. Starting altitude = 2438 m (8000 f0).

of collision with obstacles is increased. Figure 7b illustrates
that the problem could be avoided by pushing the yoke
forward as the throttle is advanced, which is standard piloting
fechnique.

Flight Test Resuils

Several ARA flights were conducted to provide a
prefiminary  assessment of the operational problems
associated with stall testing and to provide data with which
the wind-tunnel/computer resulfs could be compared
qualitatively. These flights sct the stage for the noalinear
parameter identification to follow, which will use data from
improved recording systems currently in development. Ob-
jectives of these flights included the determination of
longitudinal trim characteristics, response to  elevator
doublets, gradual and abrupt stall behavior, and sensor
calibrations.

Level-flight testing occurred at a pressure altitude of 2286
m {7500 fr), while stalls were initiated from an altitude of 2438
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m {8000 ft}. This provided smooth air for measurements, as
well as sufficient altitude margin within which stalling
motions could be examined and safe recovery could be ef-
fected. Alr temperatures during testing were about 5°C above
standard =ztmosphere values. Longitudinal and lateral-
directional daia were recorded using PDM radio telemetry
and voice reporting.

Flight measurements of trim conditions were compared
with computed predictions in Fig. 4. Elevator setiings were
virtually identical, but the divergence in o suggests a dif-
ference in the piiching moment sensitivity. Trim tabs were
used to deflect the elevator in flight, but were assumed to be
undeflected in the computed elevator trim setting. The flight
values of percentage power available, 67, represent a linear
regression of experimentally determined manifold pressure
with computed results.

The pilot initiated ARA stall using the altitude-hoid
technique described earlier, providing the flight path sum-
marized by Fig. 13. Power was quickly retarded to the 30.5-
cm {10 in.) Hg manifold pressure idle point, which very nearly
approximates zero thrust, The elevator history was similar to
that of Fig. 8, but the pilot used higher gains than those
assurmned in Eq. (22). As a conseguence, the elevator stop was
reached more guickly, and o and # responses were more
peaked. Light-to-moderate buffet, corresponding to an rms
pitch rate disturbance of % deg/s, was experienced at o 0f 15
deg and above. This, combined with lateral-directional
perturbations, is believed to be responsible for the occasional
short period oscillations that occur during the run, While it is
possibie that oscillations are due to a2 multivalued nonlinearity
such as hysteresis, as described in Ref. 25, there are in-
sufficient data on which to base such a conclusion.

The ARA stall was entered without significant rolling
motion, but a 3-s Dutch rolf oscillation built up as the stall
was maintained. The motion initially could be controlled
within +5 deg using rudder alome; if left unchecked, it in-
creased o 20 deg amplitude during an interval of ¥z min,
and aileron control was necessary to hold the wings nearly
level.
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Power-off recovery was affected by bringing the elevatot
back to a normal setting {Fig. 14). A well-damped short
period oscillation is evident in the o trace.

The ability to perform dynamic mareuvers in the stail
region is of paramount importance for estimating nonlinear
aerodynamic coefficients and damping parameters from
flight data. Figure 15 demonstrates that the ARA’s stall
region can be traversed repeatedly using oscillating elevator
inputs. A gradual power-off stalling maneuver was per-
formed, and the phugoid mode was ailowed to decay before
the pilot began to osciliate the yoke between its aft limit and
center position. The period of oscillation was close to the
short peried, and the ARA’s response grew during the iG-s
interval shown here.

This run uncovered a need for extended sensor calibration
and/or state estimation. The 5-kias peak-to-peak airspeed
oscillation, which is in phase with the o and 8 oscillations, is
believed to result not from the aircrafi’s speed change bui
from pitot tube angle sensitivity and wing wake effects on the
static pressure port. Similarly, the shori period eigenvecior
magnitudes {Fig. 9b) imply that & and § amplitudes should be
very mearly equal, yet the § oscillation is about one-third
larger than the a oscillation. The o vane requires a rather
significant upwash correction at low angles, which has been
applied uniformly to the present data. There is reason io
expect the upwash effect 1o decrease with increasing a. This
and the « sensitivity of the airspeed measurement could be
addressed by combining the present data with accelerometer
measurements in an extended Kalman filter that includes
sensor scale factors in an augmented state vector.

The aircraft could be stalled abruptly by swift aft motion of
the yoke, as in Fig. 16. A lightly damped short period
oscillation decreased frequency as the aircraft decelerated,
and the ¢ response was strongly affected by the phugoid as
well as the short period mode. The residual smaii-amplitude ¢
oscillation reflected effects of buffeting and the unplotted
lateral-directional motions. There was direct evidence of
pitch-roll coupling which remains o be analyzed.
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Applying power during the stall decreased the glide angle
and decreased the airspeed, as predicted by Fig. 9¢, and &t
made lateral-directiona! control more difficult, Figure 17
ilinstrates the effec: of adding trim power 30 s afier the
initiation of the abrupt stall shown in the previous figure,
With increased elevator effect, « increased by about 3 deg,
while # increased more than 10 deg; conseguently, the flight
path was flattened. The rate of descent was cut in half, and
the airspeed dropped.
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Wing rock became a significant factor with power on:
Under conditions similar to those of Fig, 17, the roll
oscitlation could progress from 20- 1o over 60-deg amplitude
in 2 single cycle. To identify longitudinal aerodynamic
parameters in these circumstances, it will be necessary either
1o consider lateral-directional motions concurrently or to
augment lateral-directional stability in the aircraft’s flight
control system.

Owverall, the phenomena experienced in flight that were not
adequately predicted from the combination of wind-tunnel
data and computer simulation were associated with the
pitching stability of the aircraft, the buffeting encountered in
the stall region, and, of course, the information regarding
pilot opinion and technique. It is feit that the differences in
static stability ultimately couid be traced, but fuill-scale
damping data presentiy can be obtained only in flight. Buffet
ievels could be measured in the tunnel, aithough allowance
must be made for natural levels of turbuience in the wind
tunnel. Pilot behavior and evaluation can be predicted from
ground-based simulation, bui wvalidation of predictions
requires flight testing.

Conclusions

A number of experimental and analyticgl methods have
been used to inmvestigate the stalling characteristics of z
general aviation aircraft, and several conclusions regarding
testing and stail phenomena can be reached.

Full-scale wind-tunnel data for the subject aircraft proved
1o be a vaiuable source of aerodynamic information, in that
computed flight paths using these data were qualitatively
similar to actual flight paths. The ability to pertray power
effects accurately was particularly significant. Considering
the airspeed ranges of existing full-scale tunnels, they are well-
suited to studying GA aircraft. For the future, it would be
helpful to have data extending well beyond the stall and 1o
investigate the effects of static acrodynamic coupling, buffet,
and hysteresis.

Flight testing remains the only way to measure dynamic
effects and to validate pilot behavior. The present flight tests
have illustrated the capability to conduct research at high
angte of attack, and they have indicated areas in which im-
proved sensor calibration s required for accurate
azerodynamic parameter identification. In particuiar, the «
sensitivity of airspeed measurement and the flow distortion
effects on o measurement must be addressed using state
estimation or alternate data sources.

The importance of using trim data at various airspeeds,
weights, and centers of gravity in defining the static nonlinear
model should not be overiooked, as the data can be collected
reliably, easily, and with few measurements over the aircraft’s
operating range up to stall. The ARA is well-behaved in
power-off stall, and a limited amount of such data can be
gathered during descent beyond the stall. More often than
not, however, stalling flight is likely to invoive continuing
motions about all axes. Unless stability is augmented, lateral-
directional effects must be considered in estimating
longitudinal coefficients and vice versa,

While stalling is an aerodynamic phenomenon, it is the
ensting motions and the pilot’s response to them that are
critical to safe flight. The aerodynamics, flight dynamics, and
human interactions are inexorably couplied. By addressing the
components as well as the whole, the current investigation
seeks to reduce the threat to GA safety that is presented by the
stail.
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