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Effect of Geometry and Mass Distribution on Tumbling
Characteristics of Flying Wings
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Results from an investigation to determine the low-speed tumbling characteristics of 12 generic flying-wing
models are summarized. There is some concern that airplanes with flying-wing planforms could inadvertently
enter an out-of-control tumbling motion under certain conditions. The objectives of this investigation were to
1) identify the geometric and mass-related parameters that cause flying wings to be capable of sustained tumbling
and 2) analyze some of the driving mechanisms that cause steady tumbling. Free-tumble and free-to-pitch tests
were conducted with dynamically scaled, generic flying-wing models. Results indicated that c.g. location, mass
distribution, and geometric aspect ratio strongly affected the tumbling characteristics of the models tested and
that positive static stability did net necessarily preclude tumbling. The magnitude of dynamic effects were found
to be of the same order as static effects for the models undergoing autorotation-in-pitch.

Nomenclature
wing span, in.
. = lift coefficient
pitching moment coefficient
pitch damping derivative from
forced-oscillation tests,
[6C,./0(qc2V)] + [6C, /a(aé/2V)]
mean aerodynamic chord, in.
frequency of oscillation, cycles/s
stick-fixed static margin, % ¢
neutral point, % ¢
model moment of inertia about the Y body
axis, slug-ft*
reduced frequency parameter for
forced-oscillation tests, wc/2V
mass of model, slugs
angular acceleration about the Y body axis,
rad/s?
freestream dynamic pressure,
wing area, ft”
wind-tunnel freestream velocity, ft/s
angle between fuselage centerline and the
freestream (approximately equal to angle of
attack for nontranslating model), deg
model sideslip angle, deg
wing leading-edge sweep angle, deg
air density, slugs/ft?
angular velocity, 27f, rad/s
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Subscripts

avg = average

dyn = coefficient increment due to angular rates
LE = leading edge of wing

stat = static coefficient value

tot = total coefficient value representing the sum

of static and dynamic components

Introduction

N flight mechanics, the phenomenon of “tumbling” is de-

fined as an autorotative pitching motion primarily about
an axis parallel to a vehicle’s lateral axis, plus translation in
a vertical plane along an inclined flight path. Therefore, al-
though tumbling is technically a six degree-of-freedom (6-
DOF) motion (a slow precession of the vertical plane of mo-
tion can occur), it is essentially a 3-DOF motion. A potentially
dangerous situation could develop if an aircraft were to enter
a tumble. This article describes ongoing research on the tum-
bling characteristics of airplanes.

According to Dupleich,’ some of the earliest work regard-
ing the tumbling motion of wings was performed by Maxweil
in 1853. Dupleich himself studied the tumbling of rectangular-
planform, unswept wings in which the motion of the free-
falling models was recorded on film for analysis.! Extensive
wind-tunnel tests on tumbling were conducted in the 1940s
by the National Advisory Committee for Aeronautics? (NACA).
Fourteen dynamically scaled, free-flying models of actual or
proposed aircraft were hand-launched into the vertically rising
airstream of the Langley Aeronautical Laboratory 20-ft Free-
Spinning Tunnel (now NASA Langley Research Center 20-
ft Vertical Spin Tunnel) in order to document the tumbling
characteristics of several different airplane configuration types,
including conventional (wing-tail), canard (tail-wing), and
several flying-wing designs. The potential detrimental effects
on the pilot caused by the accelerations produced in a tumble
were also assessed. In 1953, an analytical and experimental
investigation was made by Smith® concerning the tumbling of
the pilot-escape nose capsules of the Douglas D-558-1 and D-
558-2 research airplanes, with consideration given to the dif-
ferent physical mechanisms that cause tumbling. In addition,
an attempt has been made by researchers to use computational
fluid dynamics (CFD) coupled with the flight dynamic equa-
tions to numerically simulate the tumbling motion of a rec-
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tangular flat plate.” Recent experimental and computational
work at NASA Langley®“ has shown that a current airplane
configuration with close-coupled canards (the X-29A) will
tumble under certain conditions.

Of the aircraft configuration types examined in the fore-
going studies, the general conclusion can be drawn that, other
conditions being equal, flying wings are the most likely to
tumble, whereas conventional configurations are least likely
to tumble. Possible design trends of present and future ad-
vanced aircraft, including flying wings for both military and
civil applications, warrant a renewed interest in tumbling re-
search. To date there have been no published efforts to sys-
tematically identify the parameters that affect the tumbling
characteristics of flying wings. In response, a research pro-
gram was initiated to study various aspects of tumbling for
generic flying-wing shapes. This article deals with the first
phase of that research, with the overall objectives being to 1)
identify the geometric and mass-dependent parameters that
cause flying wings to be capable of sustained tumbling and 2)
analyze some of the driving mechanisms that cause steady-
state tumbling.

Experimental Methods

Dynamic Scaling

In order for the motion of an unconstrained model to be
representative of its full-scale counterpart, the dynamic-scal-
ing relationships” must be enforced (see Table 1). Applying
these factors provides similitude between the model and full-
scale article in terms of the fundamental dimensions of length,
mass, and time for a given altitude and loading condition.
Thus, the quantities listed in Table 1 can be directly converted
to full-scale values by multiplying a given model quantity by
the appropriate factor. It should be noted that in typical dy-
namically scaled tests, including those summarized in this ar-
ticle, Reynolds number similitude is usually not satisfied and
the results must be interpreted with this in mind. The Reyn-
olds number of the present tests was on the order of 1 x 10°.

Models

Three sets of 12 flying-wing models were constructed (Fig.
1) for testing in both the 30- x 60-ft tunnel and spin tunnel
at NASA Langley Research Center. The model numbers in
this figure apply to all three sets and are used to distinguish
between the different geometric shapes, and not the particular
model used. The models represent a matrix of potential flying-
wing planforms with a broad range of aspect ratios (AR =
1.6-7.4) and leading-edge sweep angles (A, = 28-60 deg).
Wingspans for the free-to-pitch and free-tumble models are
also shown in Fig. 1. The models were symmetrical about the
X-Y and X-Z planes and had flat-plate airfoil sections with
beveled leading and trailing edges for ease of construction

Table 1 Scale factors for dynamic models

Scale factor

Lincar dimension N
Relative density, m/pl? 1
Froude number, V*/ig 1
Weight, mass Nilo
Moment of inertia N3a
Linear velocity N2
Linear acceleration 1
Angular velocity N2
Time N2

Reynolds number, VI/v N¥vlp,

Note: Model values are obtained by multiplying air-
planc valucs by the following scale factors where N
is the model-to-airplance scale ratio. ¢ is the ratio
of air density to that at sca level (p/p,). v is the
value of kinematic viscosity, / is a representative
length. m is the vehicle mass. and g is the accel-
cration due to gravity.

(Fig. 2). In addition, it was assumed that the sharp leading
and trailing edges would fix the separation points on the wings
and thus help to minimize Reynolds number effects on the
models. One set of models was used in the 30- x 60-ft tunnel
to obtain static and dynamic data. These models were not
dynamically scaled. Two sets of dynamically scaled models,
both one-third scale versions of the 30- x 60-ft tunnel models,
were used in the spin tunnel: the first set for free-tumble
testing and the second set for testing on the free-to-pitch rig
(the different wind-tunnel tests and the free-to-pitch rig are
described in the next section). The free-to-pitch models had
lower pitching moments of inertia than the free-tumble models
to allow for the increase in total pitch inertia caused by the
rotating parts of the free-to-pitch rig. Each model had a cen-
terbody for housing a six-component strain-gauge balance in
the case of the 30- x 60-ft tunnel models, or ballast in the
case of the free-tumble and free-to-pitch models.

For the free-tumble and free-to-pitch tests, stick-fixed static
margin H, was used as a basis for comparison of the results.
The neutral points 4, used to calculate the static margins for
both the tumble models and the flying-wing models of Ref.
2 were estimated using the method of Ref. 8. It is assumed
in this method that the area of interest falls in the linear range
of the C,, vs C, curve. Therefore, the results are not strictly
valid for tumble tests due to the large range of angle of attack
encountered. However, the calculated neutral points were stiil
considered to be useful as reference points for comparing the
tumble behavior of the different models, and were used as
such.

Test Techniques

Four types of low-speed wind-tunnel tests were conducted
during this program: 1) static tests, 2} dynamic (forced-oscil-

ALE=28° ALg = 38° ALE=50°  ALg=60°
b=28in. b=25in. b=19in. b=16in.
R=7.4 AR =6.0 AR =34 AR =24
4& & & 2
N
AR =51 AR=38 AR=24 AR =138
Ny
AR =44 AR =32 AR =21 AR=1.6

Fig. 1 Generic flying wing models used for tumbling research.
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Fig. 2 Acxis system and configuration features of typical tumble model.
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lation) tests, 3) free-tumble tests, and 4) free-to-pitch tests.
Each type of test is described briefly below in the context of
the present research:

1) Staric tests were conducted using the sting-supported 30-
x 60-ft tunnel models. Each model was successively mounted
on a six-component strain-gauge balance to obtain normal,
axial, and side force coefficients, plus rolling moment, pitch-
ing moment, and yawing moment coefficients at angles of
attack « ranging from 0 to 180 deg and 0 to —180 deg in 2-
deg increments at sideslip angles g of 0, —5, and +5 deg.

2) Forced-oscillation tests were also conducted using the 30-
x 60-ft tunnel models to obtain the “‘lumped” pitch damping
derivative due to oscillation about the pitch axis (C,, + C,,).
A thorough description of this technique appears in Ref.
9, but a brief synopsis of a typical test is given here.

For a typical test, a model was set at a nominal angle of
attack on the forced-oscillation rig (Fig. 3). After the tunnel
was brought up to the desired velocity, an electric drive motor
was started, causing the rig to begin oscillating about that
angle of attack at a reduced frequency parameter £ of 0.5.
The amplitude of the oscillations was fixed at =5 deg by the
gearing of the drive mechanism. Data were then obtained via
a data-acquisition computer. The procedure was then re-
peated for each desired angle of attack.

3) Free tumble (6-DOF) tests were conducted in the spin
tunnel with one set of the small models dynamically scaled to
represent realistic full-scale aircraft. These models were hand-
launched into the vertically rising airstream of the spin tunnel,
and the resulting motion as they traversed the test section
was recorded on high-resolution video tape for later analysis.
During a typical test, a model either underwent several tumble
cycles before striking the safety net, or the pitching motion
damped out and the model dove into the bottom of safety
net. In a third possible scenario, the model would transition
from primarily rotation-in-pitch to rotation about all three
axes a few cycles after launch, in which case the test would
be labeled as *‘no tumble.” Although transient in nature, free-
tumble tests provided a useful “'yes-no’" answer to the question

Tunnel
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-support
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L

Fig. 3 Tumble model mounted on forced oscillation rig in 30- x 60-
ft tunnel.

TUMBLING CHARACTERISTICS

“will it tumble?.”” Data were obtained as a function of the
degree of static longitudinal stability (i.e., c.g. location), mass
distribution (moments of inertia about all three axes), and
whether or not an initial nonzero pitch rate was imparted to
the models at launch. Note that the quantity ““a” in this report
and the actual angle of attack do not coincide for free tumbling
due to the translation inherent in this type of motion.

4) Free-to-pitch (1-DOF) tests were conducted with a second
set of small models that were dynamically scaled in pitch and
mounted on a free-to-pitch rig that could be easily installed
in the spin tunnel. The rig was instrumented with an optical
encoder and computerized data acquisition system that al-
lowed a time history of the model angular attitude to be
recorded in test runs of any desired length. The mounting
fixtures were adjustable so that the axis of rotation coincided
with the c.g. location. Friction in the rotating parts of the rig
was minimized by using ball bearings that were estimated to
result in a total resisting pitching moment coefficient of less
than 0.001 under the most extreme test conditions encoun-
tered. By definition, shaft rotation is not tumbling since three
translational and two rotational DOF have been precluded.
Following Smith,* this motion has been labeled “*autorotation
in pitch” in this article. However, it has been suggested” that
autorotation in pitch is a reasonable representation of tum-
bling that allows quantitative data to be obtained. In free-to-
pitch tests, o and the true angle of attack are forced to be
the same (assuming that the freestream is truly vertical), due
to the absence of translation.

In all of the free-to-pitch tests, only steady-state data were
obtained due to limitations of the rig design. For the tests,
the models were given an impulsive “push’ to start rotation,
although neither the pitch rate nor the pitch angle at which
the model began autorotating were known. If the model con-
tinued to rotate from *‘launch,” then data were obtained over
several cycles. Future modifications to the rig are planned so
that models can be prerotated at a known pitch rate and then
released at a known pitch angle. In this way, information on
the transient motion before a model reaches steady state will
be available. This information would allow analysis of the
onset of autorotation and, presumably, the prediction of the
onset of tumbling.

Tumble Simulations

Although not addressed in this article, simulations were
developed with the initial goal of predicting steady tumbling
or autorotation in pitch of flying wings. The reader is directed
to Ref. 10 for a discussion of the initial simulation develop-
ment for tumbling undertaken during this research.

Results and Discussion

Results of the free-tumble and free-to-pitch studies will be
discussed in this section. Data from the static and forced-
oscillation test were used in a supporting role and will not be
discussed extensively.

Free-Tumble Tests

For free-tumble tests, 12 small models were hand-launched
into the vertical airstream of the spin tunnel. As a starting
point, the mass and dimensional characteristics of the XB-35
Flying Wing bomber? at its nominal c.g. position (27.5% ¢)
were used for the initial scaling of model 12 (A ¢ = 28 deg,
AR = 7.4) with a scale factor N of 31 (see Table 1) at a
simulated test altitude of 25,000 ft. Changes in c.g. position
from that of the XB-35 were accompanied by changes in the
inertial characteristics. The other models were also ballasted
to cover a range of c.g. locations and inertial characteristics,
but without regard to the characteristics of any particular
airplane configuration.

For each of the loading conditions tested, two types of
launch technique were used: 1) the “‘forced launch’ technique
in which the models were given an initial pitch rate (positive,
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or nose-up as the model translated across the test section);
and 2) the *“‘tail slide” technique in which the launcher re-
leased the model tail-first into the vertical airstream with no
initial pitch rate. Certain model configurations tumbled only
when forced launches were used, while others tumbled using
either technique. To ensure the repeatability of the data, each
combination of loading and launch method was tested several
times.

Some free-tumble test results appear in Fig. 4. In this figure,
the inertia yawing moment parameter (IYMP) of each con-
dition tested is plotted as a function of the stick-fixed static
margin H, obtained by varying the c.g. locations for each of
the 12 models. It is well known'' that the free rotation of a
rigid body is stable only about the axes with the largest and
smallest moments of inertia, and unstable about the axis of
intermediate moment of inertia. This is necessarily true only
in the absence of external influences acting on the body. Clearly,
potentially large aerodynamic moments are present during
tumbling (e.g., rolling moment), so that it was not evident
from the outset that the inertial characteristics of the models
would dominate their motion. However, Fig. 4 shows that a
sustained tumble was indeed possible only for models tending
towards a wing-heavy loading (i.e., IYMP > 0 or I, > ).
With wing-heavy loadings, model motions were essentially 3-
DOF in nature. In all cases, I, was either the smallest or
intermediate moment of inertia. Testing whether or not the
models would tumble with /| as the largest moment of inertia
was not practical due to the ballasting constraints of the flying-
wing configurations (i.e., . will always tend to be the largest
of the three). For tests where IYMP < 0, the motion of the
models quickly transitioned from rotation in pitch to rotation
about all three axes, and the run was labeled no tumble as
described previously. Two data points from Ref. 2 were plot-
ted for comparison with good correlation to the present re-
sults. These tests indicated that tumbles were possible for
certain models even with a positive (statically stable) H,,.

Figure 5 is a plot of H, as a function of model quarter-
chord sweep angle A . For a given A, the most forward
c.g. location tested that produced a tumble and the next most
forward c.g. location tested that did not produce a tumble
are plotted. Only data for wing-heavy test conditions (IYMP
> () were considered, ensuring that model motions were 3-
DOF. Therefore, any no tumbles were due to the pitch rate
damping out, and not due to the models rotating about their
roll and yaw axes. In this way, the effects of changing wing
sweep on tumbling were isolated from any inertial effects.
Due to practical limitations in ballasting, the most forward
c.g. limits that produced tumbles were not found for models
1 (AR = 1.6), 2 (AR = 1.8), and 7 (AR = 2.4), although
all three models did tumble for the condition I'YMP > 0.

No clear pattern of tumble characteristics emerges when
the data are plotted in this manner, although three distinct
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Fig. 4 Free-tumble results for 12 flying wing models at all mass
loadings examined.

groups of points are evident. These groups represent the first
three columns of models in Fig. 1 (i.e., A, = 28 deg, A ¢
= 38 deg, A . = 50 deg). However, it is impossible to isolate
the effects of changing wing sweep from that of changing
aspect ratio because aspect ratio was different for each model,
as noted in the figure. Examination of Fig. 5 indicates that
the H, for tumble or no tumble increased as aspect ratio
increased. Evidently, a model’s aspect ratio had a strong in-
fluence on its tendency to tumble or not tumble.

Figure 6 illustrates that a ‘‘tumble boundary” is formed
when the data are replotted with H, as a function of model
geometric aspect ratio. The size of the transition zone (the
dashed region) was determined by the spacing of the tests in
terms of the c.g. location required to produce a tumble or no
tumble. This figure shows that for aspect ratios of 3.2 and
above, tumbles were possible with stable (positive) static mar-
gins. In fact, tumbles were obtained with H, = +10% for
the highest aspect ratio tested (model 12, AR = 7.4). Con-
versely, model 3 (AR = 2.1) required a negative static margin
(H, = —5%) for tumbling to occur.

Four data points from Ref. 2 are plotted in Fig. 6 for com-
parison. These data correspond to cases with neutral pitch
controls on the models in Ref. 2, which would be the most
similar to the models of the present test with fixed trailing
edges. The tumble points for both the XB-35 and XP-79 fall
within the tumble region of the present test. However, the
no-tumble point of the XB-35 also falls within the tumble
region by a static-margin difference of about 1% ¢. Two pos-
sible explanations for this discrepancy are evident. First, both
the XB-35 and XP-79 airplanes employed very thick airfoil
sections (18%). In contrast, the tumble models for the present
tests had flat-plate airfoil sections with sharp leading and trail-
ing edges as discussed previously. Inasmuch as both tests were
performed in the same facility at approximately the same (very

15~ ® Tumble
© O No tumble
o
o o0 @ °
e® AR R
AR 7.4 O .
Stick-fixed AR ) e 60 ALE=50
static margin, 5 4.4 > AR ——
= ? N —— N AR O
%C - 38
ALE=28 3de
0 ALE=38°
o AR
AR 2.4
o)
| [ 21q
-5 | |
2 3 4 5 7 8

Quarter-chord sweep angie, rad

Fig. 5 Static margin for tumble as a funtion of wing sweep for models
with wing-heavy loadings.
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Fig. 6 Static margin for tumble as a function of aspect ratio for
models with wing-heavy loadings.
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low) Reynolds number, it is likely that the discrepancy noted
in Fig. 6 is primarily due to Reynolds number effects on the
rounded, relatively large-radius leading edges of the XB-35
and XP-79 models. In addition, both of the earlier models
had protuberances representing engine nacelles, canopies,
vertical tails, etc., whereas the free-tumble models had a sin-
gle, large center section to house ballast. These differences
would make a direct comparison of the tumble/no-tumble
points based only on c¢.g. position and aspect ratio difficult
due to potentially significant differences in pitching moment
characteristics.

Another point of interest in Fig. 6 is that the static margin
values defining the tumble/no-tumble boundary appear to be
approaching a maximum as the aspect ratio increases. This
probably indicates that a maximum positive static margin be-
yond which tumbling will not occur, regardless of how high
the aspect ratio becomes, was being approached. However,
it is unlikely that this limiting value of H, was reached during
these tests. It is re-emphasized that the effects of both aspect
ratio and wing sweep on tumbling are included in Fig. 6 (as
well as in Fig. 5), and that two different sets of models, one
with constant aspect ratio but varying sweep and the other
with constant sweep but varying aspect ratio, would be needed
to differentiate between the effects of these two parameters
on tumbling.

Free-to-Pitch Tests

Six of the twelve model geometries used in the free-tumble
tests [models 4, 6, 11, 8, 9, and 12 (Fig. 1)] were also tested
on the free-to-pitch rig. These models were chosen because
they had the highest aspect ratios [with the exception of model
4 (AR = 3.2) that was tested, and model 10 (AR = 3.4) that
was not]. Based on the free-tumble results, these higher aspect
ratio models tended to have the greatest propensity for tum-
bling, and presumably, autorotation in pitch.

In Fig. 7, results from the free-to-pitch tests are superim-
posed on the free-tumble data of Fig. 6. Note that the trend
of static margin required to prevent tumbling becoming gen-
erally more positive as AR increased is still evident. However,
the transition zones do not overlap above AR =~ 3.5. Beyond
this point, the free-to-pitch models would not tumble with a
c.g. as far forward as their free-tumble counterparts. In ad-
dition, the gap between the two sets of data widens as aspect
ratio increases. [t is suggested that the following three effects
could produce this divergence in the data:

1) Differences in total pitching moment between rig-mounted
and free-tumbling models. According to Smith,” restraining a
body from 6-DOF (free-tumble) to 1-DOF (shaft) motion can
remove potential driving mechanisms of tumbling. For ex-
ample, the c.g. of a free-tumbling model follows a wavy path
(even if the motion is essentially 3-DOF) due to large vari-

---@ Tumble (free)
—Q No tumble (free)
| -~~~ # Tumble (free-to-pitch)
15 17| —01 No tumble (free-to-pitch)

10

Stick-fixed
static margin, 5

%C

Aspect ratio ( b—sg)

Fig. 7 Static margin for tumble with wing-heavy loadings or auto-
rotation in pitch as a function of aspect ratio.

ations in lift and drag over a cycle. This effect could cause
incremental driving (or retarding) moments to develop during
free tumbling due to variations in dynamic pressure that would
not be present during rotation about a shaft. If these incre-
mental moments were phased such that the total driving mo-
ment was increased as compared to that produced by 1-DOF
shaft rotation, then free-tumbling would be possible even if
autorotation in pitch on a shaft were not. In addition, other
effects due to translation, such as changes in local angle of
attack of the model, may add to the discrepancy between
free-tumble results and free-to-pitch results.

2) Free-to-pitch rig bearing friction. There is a small but
relatively constant resisting moment produced by the ball
bearings of the free-to-pitch rig. Thus, “borderline” cases
where the net propelling moments were smaller than the re-
sisting bearing moments would not undergo autorotation on
the rig. Bearing friction estimates for the rig were discussed
in a previous section.

3) Aerodynamic interference between the model and free-to-
pitch rig. Changes in the flowfield around a model mounted
on the rig could potentially change the autorotation charac-
teristics of the model as compared to the same model undergo-
ing free tumbling. The extent of any aerodynamic interference
between the rig and a model autorotating in pitch has not
been assessed, but it is likely that some modification of the
flowfield around the model due to interference does exist.

While not duplicating the tumble/no-tumble boundary from
the free-tumble results, the free-to-pitch data are useful none-
theless. An estimate of the total pitching moment coefficient
C,, may be extracted by making use of the 1-DOF equation

Mot

of motion for a body rotating in pitch:

C,.. = LalgSe )

All of the quantities on the right side of Eq. (1) are known
constants for a given set of test conditions, with the exception
of the pitch acceleration ¢ = é&. Using a time history of a
model’s pitch attitude over a given cycle obtained with the
free-to-pitch rig’s optical encoder (see Fig. 8 for a description
of model attitude over a cycle), the data were fitted with a
high-order polynomial and differentiated to yield the pitch
rate (¢ = d), and then again to obtain the pitch acceleration
(¢ = &) in Fig. 9. For illustration, this procedure was applied
to data from model 9 undergoing steady autorotation in pitch.
The calculated C,, ~was then plotted over a full cycle as a
function of model angle of attack « to obtain Fig. 10. Note
that this figure represents the total of all external effects on
the model (both static and dynamic) as well as inertial effects.
Beginning at the center of Fig. 10 (« = 0 deg) and following
the arrows, it is seen that the model motion (pitching “‘nose-
down™ in all cases) was being resisted in the first part of the
cycle from @ = (0 deg to « = 160 deg. The model was already
undergoing steady-state autorotation before entering this cycle,
and its angular momentum carried it through a region where
the motion was resisted. It then became propelling for most
of the remainder of the cycle until the motion was again
resisted from a = 25 deg through the end of the cycle at «
= ( deg. No attempt was made to remove the moment con-
tribution due to bearing friction from C,, , because its effect
on the trends in Fig. 10 were assumed to be only a small

o= 90°
Voo wi- ]
o RN o =180°
a=0 = == —
\ o =-180°
o =-90°

Fig. 8 Model pitching nose down on the free-to-pitch rig.
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Fig. 9 Attitude, pitch rate, and pitch acceleration of model 9 over
one cycle on the free-to-pitch rig.
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Fig. 10 Total pitching moment coefficient of model 9 over one cycle
on the free-to-pitch rig.

upward displacement of the data, and not a change in the
shape of the curve.

Although the aerodynamics of tumbling are complex due
to the presence of high rotation rates, large angular displace-
ments, and separated flow during large parts of a tumble cycle,
it is useful to assume that a simple model of total pitching
moment is applicable so that an initial analysis can be carried
out. The total pitching moment coefficient can be written as
the sum of static and dynamic terms, and Eq. (1) becomes

c,. =C + G (2)

Moy et

C,,, was calculated using static pitching moment data from
the 30- x 60-ft tunnel tests and the total pitching moment
data represented by Fig. 10. Figure 11 shows the relative
contributions of the static and dynamic pitching moments for
the cycle under consideration. Dynamic effects were of the
same order of magnitude as static effects for most of the cycle
during the steady, autorotative pitching motion. This is in
contrast to the small-amplitude, lower-rate motions typical of
a maneuvering airplane where the total pitching moment would
still tend to be dominated by static effects throughout large
portions of the angle-of-attack range.

Using the above assumptions, the pitch damping derivative
(analogous to the C,,,q + C,, from forced-oscillation tests
and termed ‘“pitch damping” here for brevity) of a model
undergoing autorotation pitch can be estimated. For 1-DOF,
the dynamic pitching moment coefficient can be rewritten as
the product of a pitch damping term and a nondimensional
pitch rate, or

C

Midvn

= (pitch damping)(g¢/2V')

(3
. pitch damping = (C,,, )(2V/gc) )
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Fig. 11 Total, static, and dynamic pitching moment coefficients of
model 9 over one cycle on the free-to-pitch rig.
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Fig. 12 Pitch damping derivative of model 9 measured on the forced
oscillation rig and estimated using free-to-pitch data.

The pitch damping term was calculated using C,,, ~obtained
previously, and ¢, V, and ¢ from the free-to-pitch tests of
model 9. A sample result is shown in Fig. 12, where pitch
damping is plotted as a function of «. The pitch damping
derivative C,,,q + C,,, from the forced-oscillation tests in the
30- x 60-ft tunnel are also plotted for comparison. Recall
that the model 9 was rotating in a nose-down direction on the
free-to-pitch rig. Differences between the free-to-pitch data
and the forced-oscillation data are evident. For example, the
forced-oscillation method predicted neutral dynamic stability
(pitch damping = 0) in the regions 45 deg < a < 135 deg and
—45 deg > a > — 135 deg. As expected, the results were
quite different for the model undergoing a continuous, high-
rate pitching motion.

In contrast to the forced-oscillation results, the estimated
pitch damping data from the free-to-pitch tests indicated sig-
nificant propelling and damping regions throughout the cycle.
Again examining Fig. 12, the free-to-pitch cycle began at
a = (deg and continued in the negative direction. The motion
was dynamically damped for most of the haif-cycle up to a =
—160 deg. Beyond a = —160 deg the motion was propel-
ling until @ =~ 20 deg, and damped for the remainder of the
cycle (back to @ = 0 deg). Clearly, large regions of neutral
dynamic pitch stability did not exist for this model undergoing
autorotation in pitch.

Summary and Conclusions

Tumbling is a potential concern for tailless or ““flying-wing”
aircraft. As such, tumbling research is important not only for
present and future military aircraft, but also to potential civil
applications such as the “‘spanloader” concept. In this article,
an effort has been made to identify some of the parameters
that cause a configuration to be capable of a sustained tum-
bling motion through the use of dynamically scaled generic
models that represent a broad matrix of flying-wing planform
shapes. “Tumble boundaries™ for the models tested are pre-
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sented as a function of stick-fixed static margin and model
aspect ratio. Some models were found to tumble even though
they were statically stable. Effects due to changing mass dis-
tribution and wing sweep are presented. Some of the char-
acteristics of a model undergoing steady autorotation in pitch
are explored. Further work is needed to be able to predict
the onset of tumbling, possibly by obtaining and modeling
transient data from the free-to-pitch rig. Dynamically scaled
drop-model tests could also be used to determine the suscep-
tibility of flying wings to depart into a tumble from controlled
flight. The ability of aerodynamic controls to both drive and
halt a developed tumble should be explored. Potential Reyn-
olds number effects on tumbling characteristics should be fur-
ther addressed as should the effects of aerodynamic interfer-
ence on data obtained on rotating rigs.
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