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Measured Forces and Moments on a Delta Wing During Pitch-Up

M. B. Bragg* and M. R. Soltanit
The Ohio State University, Columbus, Ohio

A series of low-speed wind tunnel tests on a 70-deg, sharp, leading-edged delta wing undergoing ramp pitch-
ing motion of high amplitude were performed to investigate the aerodynamic forces and moments. Forces and
moments were obtained from a six-component internal balance. Large amplitude oscillatory motion was pro-
duced by sinusoidally oscillating the model over a range of reduced frequencies. Ramp motion was produced by
pitching the model through a half cycle of sinusoidal motion at a root chord Reynolds number of 1.54 X 10°. The
effect of ramp and oscillatory motions on the forces and moments are almost identical at matched pitch rates.
Pitch rate had strong effect on the magnitude of the aerodynamic forces and moments. Upon completion of the
model motion, some time is required for the forces and moments to decay to their static values. This convergence
of the dynamic values to the static ones was a function of the pitch rate.

Nomenclature
Cp =drag coefficient
C,  =lift coefficient
C,., =variation of lift coefficient with angle of attack
(/deg)
Cy  =pitching moment coefficient
Cy =normal force coefficient
c =wing root chord, ft
S =frequency, Hz
k =reduced frequency, nfc/ U,
R,  =Reynolds number based on root chord
¢ =time, s
t* =dimensionless time, 2¢f
U, =tunnel speed, ft/s
@ =angle of attack, deg
A =wing sweep, deg
T =nondimensional time, (U, /c

Introduction

DVANCED supermaneuverable aircraft operating at a
high angle of attack require a substanial amount of
nonlinear lift in order to maintain good handling qualities
and high performance.! There is a growing interest in aban-
doning angle of attack limitations in low-subsonic flight since
most of these poststall flight maneuvers occur at relatively low
speed.? Such aircraft often utilize highly swept delta wings in
order to minimize the aerodynamic drag at supersonic speed
and because of their favorable low-speed characteristics.?
The flow pattern over these highly swept wings is dominated
by a pair of strong vortices above the wing, originating from
the sharp leading edge.*® These vortices produce substantial
nonlinear lift, called vortex lift, at the moderate angles of at-
tack required during takeoff, landing, and, above all, maneu-
vers. Some of the present fighter aircraft, such as the F-18 and
the F-16, and the next generation of fighters, will employ
vortex lift.” At high angles of attack, a sudden and dramatic
structural change in the vortex, known as vortex breakdown,
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occurs. Vortex breakdown is characterized by a deceleration
of the axial flow in the vortex core.

The aerodynamics of dynamic flight maneuvers are more
complicated than the static case because of the unsteady time-
dependent flow. The operation of the aircraft may benefit, or
be hampered, by this unsteady flow.® Large aecrodynamic load
overshoots can be generated by rapid movements of the aero-
dynamic surfaces caused by the transient development of sepa-
rated flow.%1° For oscillatory motions, experimental results
show that the flow patterns over the wing at any particular an-
gle of attack are different during the upstroke and the
downstroke motions.!!"* Flow lag in the upward motion
causes the dynamic stall to occur at higher angles compared to
the static case. This is due to the delay in vortex bursting
caused by the fast variation of the angle of attack. In the
downward motion, the flow remains separated until angles
below static stall as a result of the delay in the re-establishment
of the leading-edge vortices. These differences in the flow pat-
tern create a hysteresis loop in all forces and moments,3!5
which are strongly frequency dependent.

Water tunnel results' for a delta-wing model of 60 deg
sweep angle undergoing ramp pitching motion show a delay in
the movement of the vortex bursting position compared to the
static case. Also, experimental studies!*-!® using ramp motions
show that the nondimensional pitch rate has a strong influence
on the position and movement of the vortex breakdown over
the wing surface. The pitchup affects the model forces and
moments and some time is required after the motion is stop-
ped for steady state values to be reached. Surface pressure
measurements over a rectangular wing undergoing ramp mo-
tion have shown that the magnitude of the pressure signature
increases with increasing the pitch rate. 617

Because of the considerable interest in the maneuverability
of combat aircraft in the poststall flight regime, a better
understanding of the flow mechanisms and the associated
forces and moments during a ramp pitchup is imperative.
While research is continuing in this area,?10:13-18 the effect of
a ramp-pitch maneuver on the delta-wing forces and moments
is not completely understood. The specific focus in this paper
is to study the effect of pitch rate and amplitude on the aero-
dynamic forces and moments generated by a 70-deg, sharp,
leading-edged delta-wing model. Longitudinal forces and mo-
ments are studied as the delta wing experiences a sinusoidal
ramp in pitch.

Experimental Procedure

The experiments were conducted in the subsonic wind tun-
nel of the Ohio State University’s Aeronautical and Astronau-
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Fig. 1 Delta wing model (dimensions in inches).
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tical Research Laboratory. The tunnel test section is approxi-
mately 5 ft wide, 3 ft high, 8 ft long, and operates at speeds
from 0 to 200 ft/s at a Reynolds number of up to 1.3 x 108/ft.
The tunnel is of open return type and uses four large antitur-
bulence screens and honeycomb to attain a low turbulent in-
tensity.

Model

The model was a simple flat-plate delta wing of a 70-deg
leading-edge sweep, a 20.61-in. root chord, and a 15-in. span
at the trailing edge. The wing was constructed of 1/4-in. thick
aluminum. The leading and trailing edges were sharpened by
tapering up from the lower surface at 14 deg. A pod large
enough to house the balance and necessary hardware was at-
tached under the wing. A drawing of the model used in this in-
vestigation is shown in Fig. 1.

Oscillation System

The oscillation system of Ref. 11 was modified for use in the
study. The system uses a belt and pulley arrangement to drive
a cam designed to produce a continuous sinusoidal oscillation
of the form

a(t)=55-27.5[1+cos (2=ft)}

The system was modified to produce sinusoidal ramp motions
by installing a computer-controlled solenoid clutch in the belt
reduction system. This allows the cam to be rapidly con-
nected/disconnected from the motor drive. Thus sinusoidal
ramps can be created at varying frequency using segments of
the sinusoidal motion.

Figure 2 shows the model angle of attack vs time for the
various ramp motions used in this study. The dashed line
shows a portion of the continuous sinusoidal motion. In the
top diagram, ramp motions starting at 0 deg angle of attack
are shown. In each case the clutch is engaged and the model
angle of attack increases along the upstroke of the sinusoidal
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Fig. 2 Ramp and sinuscidal model motions used in this study
(f=0.926 Hz).

oscillation until the clutch is disengaged when the desired max-
imum amplitude of 35, 45, or 55 deg is reached. In the lower
plot, sinusoidal ramps starting at 0, 10, and 20 deg angle of at-
tack are shown. The model pitch rate is varied by changing the
frequency of rotation of the sinusoidal cam.

For a linear ramp!%!7 the pitch rate & is constant with re-
spect to time and a nondimensional pitch rate a* =ac/U,, is
used.!617 Here it is not convenient to use the nondimensional
pitch rate ™ since « is not constant but varies sinusoidally.
The ramp motions used in this paper are all derived from sec-
tions of a continuous oscillatory motion of frequency f.
Therefore, the usual reduced frequency k= nfc/U, will be
used here to describe the ramp motion and will be referred to
in this paper as the nondimensional pitch rate.

The model was oscillated about its 57% root-chord location
and 3 in. below the chord line. The desire to locate the balance
pod on the wing to minimize its aerodynamic effect and to os-
cillate the model near the balance moment center determined
this oscillation location.

Force Measurement

Force measurements were made using a six-component in-
ternal strain gauge balance. There are two types of forces and
moments which must be subtracted out of the data as tares.
The first are the gravitational loads due to the model and bal-
ance weight which are functions of the angle of attack. The
second are the inertial forces and moments produced by the
moments of inertia of the model and balance in dynamic mo-
tion. Both of these forces and moments have been measured
and subtracted from the wind-on data.!!

Data Acquisition and Reduction

The data acquisition system was developed specifically for
this investigation. Data were taken and reduced on a personal
computer. The computer is equipped with a 12-bit, 16-channel
analog to digital board. For this experiment 10 channels of
data were measured: 6 for balance data, 1 for potentiometer
input, 2 for tunnel speed, and 1 hot-film channel.

The sample rate used in acquiring these data varied based on
the reduced frequency but was nominally 100 Hz per channel.
Data were taken and reduced to engineering units on the per-
sonal computer, then uploaded to the main laboratory com-
puter. The data were then digitally filtered to provide low-pass
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filtering at approximately 10 Hz, well below the model sup-
port natural frequency:.

Aerodynamic forces and moments were measured at the
balance moment center and have been transferred to the 25%
wing-root chord station. All moments were nondimensiona-
lized with respect to two-thirds wing root chord. Longitudinal
forces and moments are in the wind axis system.?’

Blockage corrections at a small angle of attack were deter-
mined by the method of Ref. 20 and were found to be small.
In addition Ref. 21 suggests that blockage ratios of less than
7% can usually be considered negligible. The blockage ratio
for this investigation was 6% . Thus no correction has been ap-
plied to the data.

Results and Discussion

The purpose of the present investigation was to examine the
effect of pitch rate and initial and final angle of attack on the
forces and moments on a delta wing undergoing a ramp mo-
tion in pitch. The experiments were performed on a 70-deg
sharp, leading-edge delta wing and included static and forced
sinusoidal oscillation at various reduced frequencies. Detailed
analysis of the static results along with the continuous oscilla-
tion data at various reduced frequencies and Reynolds number
effect are presented in Refs. 11 and 12. Further information
and discussion of the data can be found in Ref. 13.

Dynamic Pitch-Up

The influence of the nondimensional pitch rate on the
forced unsteady flow over the 70 deg, sharp leading-edge
model was investigated by pitching the model at different rates
from 0, 10, and 20 deg to 55, 45, and 35 deg angles of attack.
Although many different motion profiles are possible, only a
single sinusoidal ramp motion was examined. Data for three
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Fig. 3 Effect of nondimensional pitch rate on normal force coeffi-
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different nondimensional pitch rates are presented in this
paper, k=0.0152, 0.0357, and 0.0463. All runs were made at a
Reynolds number of 1.54 x 10° based on the root chord.

In presenting the data, angular velocities and time have been
nondimensionalized. Two nondimensional times are used.
Time nondimensionalized by convective time is referred to as
7. It is also convenient to use a nondimensional time, ¢+ =2 ft.
This allows data taken at different pitch rates to be compared
at the same angle of attack. This type of nondimensionaliza-
tion is also used in Ref. 19.

The variation of normal force coefficient with the non-
dimensional pitch rate is plotted vs 7, time nondimensiona-
lized by convective time, for the 0-55-deg ramp in Fig. 3. The
static value of Cnp,, at 55 deg is also shown as a baseline. The
effect of nondimensional pitch rate on the character of the
normal force coefficient is clear. The maximum value of the
normal force coefficient increases with increasing the pitch
rate. This agrees with the previous pressure measurement
results of Ref. 16 and 17 where increasing the pitch rate lowers
the pressure signature and hence produces higher forces and
moments. Comparison of the static Cy,,,, with the maximum
ramp values shows a substantial increase in the maximum nor-
mal force overshoot due to the pitch rate. Also, from Fig. 3
note that as the pitch rate increases, maximum normal force
occurs at higher angles of attack, a phenomenon caused by the
delay in dynamic stall because of the fast variation of the angle
of attack.

The lift performance of the delta wing at the nondimen-
sional pitch rates is shown in Fig. 4. Included in this figure is
the static value of C; .., and C, at 55 deg angle of attack.
Note that although C, ., for the ramp motion is substantially
higher than the static C;,,,, it remains constant with further
increasing pitch rate. This is an interesting result and contra-
dicts the usual perception of force overshoots increasing with
frequency or pitch rate. This has also been noticed in earlier
three-dimensional oscillation data'%-'2 and in two-dimensional
unsteady data. 8

To resolve lift from the normal and axial force measure-
ments

C, =Cy cos(a) — C4 sin(w)

For the delta-wing model used here, axial forces can be gener-
ated only by shear, pressure differences between leading and
trailing edges or on the balance pod. The axial force is there-
fore small compared to the normal force at non-zero angles of
attack. While the lift data presented in this report contain the
axial force contribution, only the dominant C, term is con-
sidered here

C; =Cy cos(a)

Maximum lift and normal force coefficients and the angle
of attack at which each occur are found in Figs. 5 and 6 as a
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Fig. 5 Maximum normal force and lift coefficient vs nondimen-
sional pitch rate.
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ficient.

function of nondimensional pitch rate. The Cyp,, is seen to
increase with pitch rate, but the angle of attack at which it is
reached also increases. Beyond approximately k=0.04, the
rate of rise of Cy,,,, decreases significantly (see Fig. 5). From
Fig. 6, it is seen that « at Cy,,, rises rapidly beyond k£=0.04.
These phenomena indicate that beyond a certain reduced fre-
quency, the flow lag reduces. This agrees with the previous
low visualization results of Ref. 10. Since C, = C, cos(a), the
relationship between C; and C, depends strongly on «, and
C/max Occurs at a lower angle of attack than Cy ,,. For exam-
ple, at £ =0.0357 Cypay Occurs at about 44 deg angle of attack
and C;,,, occurs at about 40 deg. The C; ., remains almost
constant with increasing frequency after an initial substantial
rise at low k. The Cpy, rises sharply at low k but continues to
increase even at a nondimensional pitch rate of 0.088, the
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highest value tested. The combination of higher Cy,,, With in-
creasing k, but at higher «, almost cancel each other to prevent
much change in C; ...

The drag force can be expressed approximately as

Cp=Cy sin(a)

when at large «, where the axial force is small compared to the
normal force. Here, since Cp, goes like sin{e), this contribu-
tion increases with increasing «. In Fig. 7, the drag coefficient
data are shown corresponding to Figs. 4 and 5. Here Cp,,, Oc-
curs at approximately the same angle as Cy,,,, and therefore
trends very closely with Cy,,.. When pitch rate is varied.
Pitching moment data for the model are shown in Fig. 8. In
addition, the static value of C,, at 55 deg angle of attack is
shown. At 0 deg angle of attack, the presence of the slight
nose-up pitching moment is produced by the negative normal
force (see Fig. 3) due to the balance pod and taper of the lower
surface leading edge. By increasing the angle of attack, a nega-
tive pitching moment is produced, which indicates that the
center of pressure moves aft of the reference point (one-
quarter wing root chord). Note when comparing Figs. 3 and 8
that C,, reaches its maximum negative value at approximately
the same nondimensional time that C reaches Cyp,,. Further
increase in the incidence is followed by a substantial reduction
in the nose-down pitching moment. This is caused by the for-
ward progression of the vortex burst point on the wing sur-
face. As the vortex breakdown moves onto the wing, the
pressure on the upper surface aft of the bursting increases con-
siderably reducing the normal force on the rear portion of the
wing which lessens the nose-down pitching moment.% The in-
fluence of the pitch rate on the maximum pitching-moment
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overshoot is apparent. As the pitching maneuver stops (55 deg
angle of attack), the curves continue moving toward the static
C,, at a rate which varies with the pitch rate.

Figure 9 shows the resulting lift coefficient vs nondimen-
sional time ¢+ defined as ¢* =2¢f for the 0-55-deg ramp at
various pitch rates. Also shown in the same figure are the
corresponding static data (at matched angle of attack) and the
variation of angle of attack. Note that the angle of attack is a
function of ¢*, and therefore plotting the data in this way
allows the comparison of data at identical angles of attack
when the data were taken at different pitch rates. Substantial
increases in the lift coefficient for the ramp case are seen when
compared to the static data. For the static case, as previously
mentioned, maximum lift coefficient is about 1.2 occurring at
an incidence of about 35 deg. For the ramp data, the maxi-
mum lift coefficient is approximately 1.37 and occurs at an in-
cidence of 40 deg (see Fig. 4). As previously indicated, the
delay in dynamic stall angle and the overshoot in the maxi-
mum lift coefficient is caused by the vortex bursting crossing
the wing trailing edge at a higher angle of attack during the
pitch-up. Note that on the upstroke, before Cpp,y, the lift at
constant angle of attack (i.e, ¢*) is almost independent of
pitch rate. However, once the angle of attack reaches the max-
imum lift angle, the lift decay is a function of pitch rate with
the lift at higher pitch rates decaying to the static value more
slowly. These results compare with the flow visualization find-
ings of Ref. 19 using the same model geometry and ramp
pitching motion.

Figure 10 compares the resulting lift coefficient of the 70-
deg, sharp leading-edge model for the ramp and oscillation
motion at a reduced frequency of 0.0357. Static data for both
Cmax and the lift coefficient at 55 deg angle of attack are
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Fig. 11 Effect of ramp maximum angie of attack on lift coefficient.
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shown. It is seen that the lift coefficient for the ramp motion
follows that of the continuous oscillation almost exactly until
55 deg angle of attack is reached. Also note that for the second
oscillation shown, the lift is practically identical to the first os-
cillation. In fact, the several cycles of data which were taken
are the same. Therefore, even after several cycles, the sinu-
soidal ramp and the continuous oscillation data are essentially
identical in the upstroke, at least for the reduced frequencies
and angles of attack considered here. See Refs. 11-13 for an
analysis of the variation of the aerodynamic forces and mo-
ments with angle of attack in continuous sinusoidal oscilla-
tion.

Up to now, the influence of the pitch rate on the character
of the aerodynamic forces and moments of the delta wing
model when it was ramped 0 to 55 deg angle of attack was in-
vestigated. In the following section, variation of the lift and
drag coefficient vs 7 for the ramp motion to 35, 45, and 55 deg
angle of attack and at a constant pitch rate will be examined.

Figure 11 shows the variation of the lift coefficient vs 7 at a
constant nondimensional pitch rate of 0.0357. Static data for
35, 45, and 55 deg angle of attack are also shown for compari-
son. Maximum lift overshoot in the ramp data caused by the
convective time lag of the adjusting flowfield is apparent.
From Fig. 11, it is seen that C,,,,, for the 0-45 and 0-55 deg
ramp motions occur at an incidence of about 41 deg for this
particular pitch rate. For the 0-35 deg pitch-up, Cryax is
obtained after the model has reached 35 deg angle of attack.
However, as a result of the vortex breakdown progression
over the wing, they rapidly drop to their static values which
are far below the dynamic C,,,. The nondimensional time re-
quired for the model to return to the static C;, once the dy-
namic Cj,.. has been reached, increases as the maximum
ramp angle increases.

Figure 12 shows the corresponding drag force data of the
model for both static and ramp motion. Also shown in the
figure are the static data for 35, 45, and 55 deg angle of attack.
Again a much higher drag is evident when compared to the
maximum drag coefficient of the static case. The overshoot in
the maximum drag force drops to the static value when the
motion is ceased. This reduction coincides with the drop in the
maximum normal force coefficient caused by the vortex burst
movement on the wing surface. From Fig. 12, for the ramp
motion of 0-35 deg angle of attack, the drag coefficient over-
shoot was small compared to the 45 and 55 deg ramps. In-
terestingly, the same trend is observed in the normal force and
pitching moment data.

The model lift coefficient vs 7 at three different ramp mo-
tions of 0, 10, and 20-55 deg angle of attack for a constant
nondimensional pitch rate of 0.0355 is shown in Fig. 13. Static
data at 55 deg angle of attack are also shown on the plot. No
significant change in the character of the lift data for the pre-
ceding motions is observed. Data for other forces and mo-
ments also show no significant effect. It is noted that at both
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Fig. 13 Effect of starting ramp angle of attack on lift coefficient.
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a =10 and 20 deg, the vortex burst point has not yet reached
the wing trailing edge. For the 70-deg-sweep, delta-wing model
in steady pitch-pause motion, the vortex burst point reaches
the trailing edge at an angle of attack of about 27 deg.!? For
starting angles above 27 deg angle of attack, the burst point
will be on the wing, and the results may be different. Unfortu-
nately, these data are not available. The preceding cases at
other nondimensional pitch rates followed the same trend, and
therefore will not be presented.

Conclusions

The major objective of this experiment was to investigate
the forces and moments on a 70-deg sweep, sharp, leading-
edged, delta-wing model driven with a sinusoidal ramp pitch
motion beyond the angle of attack for static stall. Pitch rate
and the initial and final ramp angle of attack were studied.
From the data the following conclusions can be drawn.

1) All aerodynamic forces and moments are found to be af-
fected by the magnitude of the pitch rate. Dynamic stall for all
of the reduced frequencies tested occurred at higher angles of
incidence than the corresponding static stall. This is a result of
the flow lag in the vortex burst progression over the wing sur-
face. However, C, ., was not strongly affected by the pitch
rate after an initial increase at low pitch rate.

2) The influence of the nondimensional pitch rate on the
transient normal force seems to decrease beyond a certain
reduced frequency. The angle at which maximum normal
force occurs increases with increasing pitch rate.

3) The forces due to the ramp motion closely followed that
of the oscillatory case during pitch up. However, when the
pitch-up motion was terminated, the decay of the aerody-
namic forces was influenced by the pitch rate.

4) Initiating the ramp motion at 0, 10, or 20 deg angle of at-
tack for the pitchup to 55 deg had little effect on the measured
forces and moments.

5) Terminating the ramp at 45 or 55 deg angle of attack pro-
duced almost identical results—although slightly larger over-
shoots for the 55-deg case. The ramp to 35 deg produced sig-
nificantly lower overshoots. The time to return to the static
value increases as the maximum ramp angle increases.
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