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Abstract

A series of low-speed wind tunnel tests on a
generic airplane model with a cylindrical fuselage
were made to investigate the effects of forebody
shape and fineness ratio, and fuselage/wing prox-
imity on static and dynamic lateral/directional
stability. In addition, some preliminary testing
to determine the effectiveness of deflectable
forebody strakes for high angle of attack yaw con-
trol was conducted. During the stability investi-
gation, 11 forebodies were tested including 3
different cross-sectional shapes with fineness
ratios of 2, 3, and 4. 1In addition, the wing was
tested at two longitudinal positions to provide a
substantial variation in forebody/wing proximity.
Conventional force tests were conducted to deter—
mine static stability characteristics, and single-
degree-of-freedom free-to-~roll tests were
conducted to study the wing rock characteristics
of the model with the various forebodies. Flow
visualization data were obtained to aid in the
analysis of the complex flow phenomena involved.
The results show that the forebody cross—sectional
shape and fineness ratio and forebody/wing proxim-
ity can strongly affect both static and dynamic
(roll) stability at high angles of attack. These
characteristics result from the impact of these
factors on forebody vortex development, the behav-
ior of the vortices in sideslip, and their inter-
action with the wing flow field. Preliminary
results from the deflectable strake investigation
indicated that forebody flow control using this
concept can provide very large yaw control moments
at stall and post-stall angles of attack.

Introduction

Numerous studies have shown that the forebody
aerodynamics can dominate the stability character-
istics of aircraft at high angles of attack (ref.
1-6). 1In addition it has been observed that some
forebody geometries which provide favorable static
stability characteristics can cause dynamic insta-
bilities due to loss of yaw damping (ref. 7).
More recently, studies have shown that forebody
aerodynamics can also strongly affect dynamic roll
stability (ref. 8 and 9). Loss of roll damping at
high angles of attack can lead to wing rock which
is an undesirable sustained oscillation, primarily
in roll, that is exhibited by many modern
aircraft. A research program is underway at the
NASA Langley Research Center to provide a system~
atic low-speed wind-tunnel data base on the
effects of forebody geometry on aircraft static
and dynamic stability at high angles of attack.
The primary goal of these studies is to advance
understanding of the complex flow phenomena in-
volved at high angle of attack flight conditions.
Research is focusing on wind tunnel studies of
a very simple generic airplane model with
geometry flexibility, This geometric flexibility
allows investigation of primary design factors
including forebody cross-sectional shape and fine-
ness ratio, wing planform and location, and

empennage geometry. Results from the first series
of tests of this model were reported in reference 9
and showed that forebody/wing flow coupling can dom-
inate the static and dynamic stability near stall.
To further explore this phenomenon, a current study
is focused on the effects of forebody length and
forebody/wing proximity. Forebody length was var-

‘ied by testing specific forebody shapes over a

range of fineness ratios while forebody/wing prox-—
imity was investigated by moving the wing longitu—
dinally along the fuselage. This paper will review
some of the results of these tests.

The potentially dominant influence of the fore-
body on high angle-of-attack stability suggests
that proper control of the forebody flow could pro-
duce the desired levels of control forces and
moments at high angle of attack where conventional
controls are ineffective. For example, the coaven-
tional rudder generally loses effectiveness rapidly
once it is immersed in the low-energy separated
flow from the wing. A research program is being
conducted at Langley to explore the concept of
deflectable strakes intended to generate an intense
vortex pair on a forebody of arbitrary shape.
Manipulation of these vortices by deflecting the
strakes would alter the symmetry of the overall
forebody flow, thus producing the desired variable
sideforces and yawing moments. Exploratory tests
of this concept are being conducted using the same
generic airplane model. This paper will highlight
some of the preliminary results obtained to date in
this ongoing program.

Symbols

b  wing span, ft

¢ mean aerodynamic chord length, ft
C;, 1lift coefficient

rolling moment coefficient

6} estimated rolling-moment coefficient

lateral-stability derivative, an, deg-1

CQB 98
Cgp roll-damping coefficient, an , rad~l
(2b)
8 2V

C, pitching-moment coefficient
C, vawing-moment coefficient

CnB directional-stability derivative, EEE, deg-!l
3R

Iy roll moment of inertia, slug-ft

L left side

p roll rate, rad/sec

q dynamic pressure, psf

R right side

S wing area, ft2

A free stream velocity, ft/sec

o angle of attack, deg

0o angle of attack at ¢ = 0°, deg

R angle of sideslip, deg

5y rudder deflection angle, deg

§g forebody strake deflection angle, deg



effect is much stronger than the effect due to
forebody fineness ratio. For example, at

a = 30° moving the wing forward results in a vari-
ation from highly stable to moderately unstable
regardless of forebody length.

Figure 19 summarizes the effect of forebody
length and wing location on C2 for the vertical
ellipse forebody configurationé. For a given wing
position, it is seen that the variations in fine~
ness ratio have very small effects on the static
lateral stability. On the other hand, forebody-
wing proximity strongly influences the values of
C, for angles of attack between 15° and 35°. The
ré8ults show that moving the wing closer to the
forebody significantly enhances lateral stability,
which is exactly opposite the effect observed for
the horizontal ellipse configurations.

Figure 20 presents photographs of smoke flow
visualization taken at g, = 35° with the model
rolled approximately 10 degrees right wing down.
The wing was in the forward location and the model
was fitted with fineness ratio 3 noses. Smoke was
injected at the wing root on the leeward side.
With the horizontal ellipse configuration, the
smoke flows show that the leeward forebody vortex
passed over the inboard section of the left wing
augmenting lift on that wing. This leeward wing
lift contributed to the unstable lateral stability
exhibited by this configuration. In contrast, the
vertical ellipse configuration developed a leeward
vortex which passed over the fuselage and was sit-
uated over the windward wing root. As a result a
lift increment was produced on the windward wing
which provided lateral stability.

Dynamic Roll Stability

Effect of Forebody Cross—Sectional Shape
Free—to-roll results for the configuration
showed that wing rock oscillations of varying
amplitudes were exhibited by most of the configu-
rations between 25° to 40° angle of attack. In
this angle of attack range, the model began a roll
oscillation without any external disturbance
beyond the inherent turbulence of the tunnel.
This characteristic is illustrated in figure 21
which presents a time history of the roll angle of
the model with the horizontal ellipse nose with
fineness ratio of 3. The model was released from
an initial stationary position at g4, = 35° and 4 =
-6°, It is seen that a large amplitude wing rock
motion built up rapidly over two to three oscilla-
tion cycles and that the “"steady state” oscilla-
tions were somewhat irregular with significant
amplitude variations from cycle to cycle.

A summary of the free-to-roll results for the
various nose shapes for a fineness ratio of 3 with
the nominal wing position is presented in figure
22 in terms of observed oscillation amplitude ver-
sus angle of attack. These results indicate a
significant effect of forebody cross-sectional
shape on wing rock characteristics. The vertical
ellipse nose shape was the most resistant to wing
rock, exhibiting only small amplitude oscillations
between 25 and 30 degrees angle of attack. The
horizontal ellipse forebody produced the largest
amplitude of wing rock with amplitudes reaching a¢
= 40°., Correlating these results to the static
lateral stability data shown in figure 13, a trend
is observed that the nose shapes which provide the

highest levels of static stability also tend to
cause the highest amplitude of wing rock and vice
versa.

Effect of Fineness Ratio and Forebody/Wing
Proximity

The effect of forebody length on wing rock
amplitude is illustrated in figure 23. Shown are
data obtained at g, = 35° for the various forebody
shapes at fineness ratios of 2, 3, and 4. The
results indicate that forebody length can signifi-
cantly influence wing rock amplitude. However,
attempts at correlating these data with the static
stability data did not define any consistent
trends.

Wing rock data for the wing in the forward
position are summarized in figure 24. These
results should be compared to those of figure 22 to
assess the impact of forebody/wing proximity. It
is seen that moving the wing forward dramatically
altered the wing rock characteristics. For
example, with the wing in the nominal position, the
horizontal ellipse configuration exhibited large
amplitude wing rock above 25 degrees angle of
attack. On the other hand, the vertical ellipse
configuration showed only small amplitude oscilla-
tions for angles of attack up to 30°. These char-
acteristics are completely reversed with the wing
in the forward position. The horizomtal ellipse
configuration became extremely resistant to wing
rock, whereas the vertical ellipse configuration
exhibited very large amplitude wing rock between
20° and 40° angle of attack. It is interesting to
correlate these results to the static lateral sta-—
bility discussed earlier. A clear trend is appar—
ent that when moving the wing forward (thus
bringing it closer to the forebody) reduced static
lateral stability, it also reduced wing rock ampli-
tude and vice versa. This result is illustrated in
figure 25 which presents a cross plot of Cz and A¢
for the horizontal and vertical ellipse con%igura-
tions with the two wing positions at g, = 30°. The
trend indicated in the plot also reinforces the
observation stated earlier that configurations hav-
ing the highest levels of static stability also
tend to exhibit the largest amplitude of wing rock;
whereas configurations that have no static stabil-
ity are wing rock resistant.

Aerodynamic Moments During Wing Rock

As discussed earlier, estimates of the aerody-
namic rolling moment coefficient during wing rock
were made by differentiating the roll displacement
signal. These data were used to examine the time
varying loads that drove the limit-cycle oscilla-
tions. As an example, results will be discussed
for a configuration incorporating the fineness
ratio 4 vertical ellipse nose with the wing in the
forward position. This configuration was found to
exhibit large amplitude wing rock, as illustrated
in figure 26 which shows a wing rock build-up to
the limit cycle starting from g, = 35°. To aid in
the analysis of these motions, static data were
measured at the combinations of y and g correspond-
ing to the roll angles encountered during the free-
to-roll tests. The rolling moment data are shown
in figure 27 as a plot of C, versus ¢. The results
indicate high levels of stability (negative slope)
for roll angles up to about +40°. It is interest—
ing to note that the observed wing rock amplitude
at this condition was approximately 45°. Figure 28
presents estimates of the rolling moment




coefficients obtained from the free-to-roll data
plotted versus roll angle. Results are shown for
three ranges of reduced roll rates: pb . 0, and
pb b 2V

2y =~ +.026. Comparison of the gy =~ 0 data to the
static wind tunnel data shown in figure 27 indi-~
cate fairly good agreement which provides a check
of the validity of the estimated coefficients.
Comparison of the %t]l ~ +.026 and g_g ~ 0 data indi-

cates that for the smaller roll angles (¢ < 20°),
the dynamic rolling moment differs significantly
from the static values. For positive roll rates
the dynamic values are consistently higher than
static and coaversely, at negative roll rate the
dynamic values are more negative than the static
values indicating unstable roll damping. At
larger roll angles, the differences between static
and dynamic rolling moment become less distinct.
This behavior is similar to that postulated to
cause the wing rock exhibited by slender delta
wings as discussed in reference 12.

To further assess the variation of roll
damping, figure 29 shows estimated rolling moment
plotted versus reduced roll rate. The results were
obtained by analyzing data at ¢ = 0° over a large
number of oscillation cycles. The plot indicates
that at low rates, the roll damping is unstable as
shown previously in figure 28. Calculation of the
slope gives a value of the roll damping parameter,
Cp.» of 0.18. Additionally, however, the data
s&gw that at higher roll rates the damping becomes
stable. The characteristic of unstable roll damp—
ing at small roll rates combined with stable damp-
ing at higher rates would promote the limit-cycle
type wing rock observed in the free-to-roll tests.

Forebody Flow Control

The dominant influence of the forebody vortex
flowfield on the stability characteristics at high
angles of attack suggests the possibility of util-
izing the forebody for coatrol in the angle of
attack range where conventional aerodynamic con-
trols become ineffective. Typical aircraft rap-
idly lose rudder yaw control as wing stall
develops and the vertical tail(s) becomes immersed
in the low-energy, separated wake from the wing.
Since the forebody cross-sectional shape has been
shown to be a dominant contributor to high angle
of attack characteristics, the current study
focused on a concept to provide an alternate means
of yaw control using deflectable forebody strakes
to change the effective cross sectional shape,
thereby producing a controlled vortex asymmetry
and thus a variable yawing moment. For the ini-
tial tests, it was desired to keep the forebody
shape as simple as possible so that the effect of
the strakes would be easier to analyze. As a
result, a conical shaped nose with a fineness
ratio of 3 was used. Thin tapered aluminum
strakes (chord = .3 local forebody radius) were
tested at a variety of radial locations on the
forebody and at a variety of strake deflections
(see fig. 5).

Initial studies were made to evaluate the
potential to develop a vortex asymmetry by testing
the body alone model (wing and tails off) with a
single strake mounted on the left side of the
forebody. Figure 30 presents a comparison of the
yawing moment generated by a single strake at

three radial locations and includes sketches of the
flow mechanism based on flow visualization tests.
At radial locations (44) less than 80 degrees, the
largest yawing moments were obtained with g = 60°.,
In this region of ¢g4» the yawing moment produced
was generally negative suggesting that the suction
induced by the strake vortex was greater than the
suction on the opposite side of the forebody. With
bg = 60°, the data show yawing moment developing at
a = 20°, increasing to a maximum at 4 = 45°, and
then decreasing to a near constant value between
60° and 80° angle of attack. The data for bg =
80° indicate less of an asymmetry than for bg =
60°, with yawing moment initially generated in the
negative direction and then reversing to a positive
direction above 5 = 55°. As ¢g ilncreases above
80°, the yawing moment is generally nose right
indicating that the prevailing suction occurs on
the "clean” side of the forebody. For these cases,
the largest moments were measured for g = 105°.
The data for this configuration show yawing moment
developing at about 4 = 20°, increasing to a maxi-
mum at g = 50°, and decreasing to a near constant
value between 4 = 60° and 80°.

Once the radial locations favorable to generat-
ing a yawing moment with a single strake were
determined, tests were conducted to evaluate the
effectiveness of varying the strake deflection
angle at fixed values of $4. At ¢4 = 60°, data
indicated that both up and down strake deflections
were effective in varying the yawing moment by dis~-
placing the strake vortex. This result suggests
that a pair of strakes positioned symmetrically at
bs = 60° on either side of the forebody and
deflected in an anti-symmetric mode could produce
useful levels of yaw control. Results obtained for
the body alone model are presented in figure 31
which shows control effectiveness for anti-
symmetric strake deflection, although the angle of
attack of initial effectiveness is delayed to about
a = 40°. At the p4 = 105° location, data indicated
that the strake—up deflections were more effective
in varying yawing moment than strake-down deflec-
tions. The amount of yawing moment generated by
the forebody strake was found to be effectively
controlled by the variation of strake deflection
angle. Figure 32 shows the effect of strake
deflection on yawing moment for the strake at b =
105°. These results suggest that strakes on each
side of the forebody could be deployed singly to
produce the direction and level of yaw control
desired.

For the complete configuration (with wing and
horizontal and vertical tails), a comparison of the
control power available with the forebody strake
concept with that of a conventional rudder is pre-
sented in figure 33. The data show that while the
conventional rudder begins to lose yaw control
effectiveness above o = 10°, the forebody strake
configuration increases in effectiveness and pro-
vides very large increments in yaw control to much
higher angles of attack. For the ¢4 = 105° case,
figure 34 presents the variation of yaw control
power with strake deflection along with the associ-
ated effects on the rolling and pitching moments.
The yawing moment data of figure 34 show that below
a = 30°, the level of yaw control was insensitive
to strake deflection. Above ¢ = 30°, however, the
data indicate a controllable variation of yawing
moment with strake deflection. The other two plots
show that the strake control coupling in roll is
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minimal for all strake deflections, and that
coupling in pitch is small except for s = 0°.
The incremental nose-up moment associated with §g
= 0° is probably the result of the significant
increase in effective forebody planform area
caused by the strake. It is noted, however, that
large yaw control increments are still available
even if the strake deflection is limited to 30°,
which would eliminate any significant coupling in
pitch.

An additional characteristic of the deflecta-
ble strake concept which must be evaluated is the
effectiveness of the control at sideslip. Shown
in figure 35 is the yaw control effectiveness of
the o5 = 105° configuration at 50 degrees angle of
attack over a sideslip range of +30°. The data
indicate that, despite the significant variation
with g, this strake configuration is effective
over a wide range of sideslip from g = -20° to
15°,

It is interesting to note some of the differ-
ences between the deflectable strake concept and a
previously studied concept, forebody blowing, pre-
sented in reference 11. Although both methods
produce large yawing-moment increments at high
angles of attack, the mechanisms which provide the
control are very-different. At high angle of
attack, forebodies which generate strong, closely
spaced vortices develop flow asymmetries resulting
in one vortex further above the forebody surface
than the other. Forebody blowing is used to con—
trol vortex asymmetry and thereby yawing-moment
produced by the forebody. This method was found
to be limited in sideslip due to the strong effect
of sideslip on vortex asymmetry. The current
method acts in a very different manner. The
strake deflection alters the effective cross-
sectional shape of the forebody and thereby the
forebody vortex pattern. Variation of the nose
geometry in this fashion was found to give fairly
linear control moments with strake deflection
angle at high angles of attack, and also main-
tained effectiveness at sideslip.

Although these preliminary results are pro—
mising, much additional research is required to
further understand the flow mechanisms involved
(particularly the effects of Reynolds number), to
study application to other forebody shapes, to
assess the effect of the strakes on dynamic stabi-
lity, and to investigate any lag effects associ-
ated with the deflection of the strakes which
could impact the operational usage of the strakes
as a control device.

Concluding Remarks

This paper has summarized recent research at
the NASA Langley Research Center on the effects of
forebody flows on static and dynamic stability at
low-speed, high angle-of-attack conditions and on
manipulation of these flows to produce large yaw
control moments. The results of the stability
tests show that forebody cross—sectional shape and
fineness ratio, and the proximity of the wing to
the forebody can strongly affect static and
dynamic stability in the angle of attack range
around stall. Cross-sectional shape and fineness
ratio influence the development and streagth of
the forebody vortices, their behavior in sideslip,
and their interaction with the wing flow field.
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Forebody/wing proximity directly affects the cou-
pling of the two flow fields and as a result can
profoundly influence static and dynamic roll sta-
bility at high angles of attack. The combination

of these factors produced static lateral/directional
stability characteristics that ranged from highly
stable to highly unstable and configurations that
were well damped in roll to those that exhibited very
large amplitude wing rock. A general trend was
observed whereby configurations that had the highest
levels of static lateral stability also tended to
exhibit the largest amplitude wing rock, whereas con-
figurations that were statically unstable were very
resistant to wing rock. Follow-on tests are planned
which will examine other configuration design factors
including wing planform and placement and empennage
geometry. In addition, more detailed flow visualiza-
tion and measurements will be made to aid in analysis
of the very complex flow mechanisms involved, par-
ticlarly during wing rock. It is recognized that
this set of data is being generated in wind tunnel
tests conducted at very low Reynolds number and that
forebody separation phenomena are known to be
Reynolds number sensitive. High Reynolds number data
will ultimately also have to be obtained in order to
assess viscous effects and to allow confident appli-
cation of the results to full scale conditions.

The preliminary results for the forebody strakes
are very promising in that the deflectable strakes
were able to generate yaw control moments at stall
and post stall angles of attack that are much larger
than those available from a conventional rudder.
However, much additional testing involving detailed
flow visualization and pressure measurements is
needed to further understand the dominant flow mecha-
nisms that provide these characteristics. Upcoming
tests will also investigate the effects of strake
size and location, and the application of this con-
cept to other forebody shapes. The possibility of
using these devices to alter the forebody/wing flow
field interaction and thereby countrolling wing rock
will also be investigated.
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Figure 3 - Forebody cross-sectional shapes tested.
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Figure 1 - Wing shapes for generic airplane model.
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Figure 5 - Conical forebody tested with forebody
strakes.
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Figure 6 — Drawing of model configuration for
forebody strake control study.

Ball bearings

Potentiometer
o

& Sting
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Figure 8 - Effect of forebody cross-sectional shape
on longitudinal stability. Fineness
ratio = 3. Nominal wing position.
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Figure 9 -~ Effect of forebody cross~sectional shape
on directional stability. Fineness
ratio = 3. Nominal wing position.
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Figure 14 - Effect of fineness ratio and wing
proximity on longitudinal stability.
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Figure 12 - Flow pattern above vertical ellipse
forebody. o = 30°.
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Figure 13 ~ Effect of forebody cross~sectional shape
on lateral stability. Fineness ratio =
Nominal wing position.
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Figure 15 - Effect of fineness ratio and wing
proximity on longitudinal stability.
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Figure 16 - Effect of fineness ratio and wing
proximity on directional stability.
Horizontal ellipse forebody.
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proximity on directional stability.
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Figure 18 - Effect of fineness ratio and wing
proximity on lateral stability.
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Figure 19 - Effect of fineness ratio and wing . e
proximity on lateral stability. Figure 20 - Flow visualization over leeward wing.
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Figure 21 - Time history of wing rock build-up.
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Figure 22 - Effect of forebody cross-section on
wing rock amplitude. Fineness ratio = 3.
Nominal wing position.
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Figure 23 - Effect of forebody fineness ratio on wing
rock amplitude. Nominal wing position.
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Figure 25 - Comparison of wing rock tendencies with
static lateral stability. oo = 30°.
Forebody fineness ratio = 3,
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Time history of wing rock build-up.
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Figure 27 - Static rolling moment coefficient at

roll angle. a = 359, Vertical ellipse
forebody, fineness ratio = 4. Forward
wing position.
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Figure 28 - Rolling moment coefficient during
wing rock. Vertical ellipse forebody,
fineness ratio = 4. o = 359,
Forward wing position.
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Figure 29 - Effect of roll rate on rolling moment

during wing rock. ¢ = 0°. Vertical
ellipse forebody, fineness ratio = 4,
Forward wing position.
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Figure 30 - Effect of strake position on yawing
moment. Body alone.
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Figure 31 - Effect of anti-symmetric strake deflection

on yawing moment. Body alone. ¢s = 60°-
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Figure 32 - Effect of strake deflection angle on
yawing moment. Body alone. ¢4 = 105°.
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Figure 33 - Comparison of rudder and forebody

strake control effectiveness for yaw
control. Body, wing, and tails.
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Figure 34 - Effect of strake deflection angle.
Body, wing, and tails. ¢g = 105°.
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Figure 35 - Strake effectiveness in sideslip.
Body, wing, and tails. o = 50°.
¢g = 105°.



