
J. AIRCRAFT, VOL. 29, NO. 4: ENGINEERING NOTES 709

1.1

-0.5 0.0

Fig. 4a Instantaneous crossflow velocity field at a = 45 deg: pitch-
up from a, = 25 deg to af = 50 deg, £ = 0.79, and A = 0.025.
Vector density l/4th actual.
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Fig. 4b Instantaneous crossflow velocity field at a = 45 deg: pitch-
down from a, = 50 deg to ay = 25 deg, f = 0.79, and A = 0.025.
Vector density l/4th actual.

This preservation of the vortex structure correlates well
with the location of instantaneous vortex breakdown. As shown
by Magness,9 with a geometrically similar delta wing in a pitch-
up maneuver from a, = 30 deg to af = 55 deg at A = 0.15,
the location of vortex breakdown at a = 45 deg is downstream
of the trailing edge (£ > l.Q) in contrast to its location at f
= 0.22 for the stationary wing. For the present pitch-up case
at a = 45 deg, the implication is that vortex breakdown has
not moved upstream of the £ = 0.79 location as a direct result
of the dynamic motion.

Furthermore, irrespective of whether the vortex is highly
coherent (Figs. 3a and 4a) or essentially nonexistent (Figs.
3b and 4b), the locus of the separation streamline implies
that, in the instantaneous sense, no flow is entrained into the
leading-edge vortex.13 It therefore appears that the vorticity
feeding the vortex originates from leading-edge separation at
upstream locations during these pitching maneuvers.

In summary, by application of the PIV technique, it is pos-
sible to identify the instantaneous nature of both the coherent
vortical structure and the structure of regions of gross stall
on a pitching delta wing. The occurrence of these extreme
classes of flow structure is linked to the dynamic hysteresis
of vortex breakdown location on the wing. Existence of a stall
region can result in large outward displacement of the in-
stantaneous separation streamline at the cross section of ob-
servation. In cases where the coherent structure of the vortex
is preserved, it is not necessary for the feeding sheet to exhibit
an inward-spiralling motion.
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Introduction
EFERENCE 1 describes the results of an analytical study
of the performance of a hypothetical dynamically "aug-
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mented lift vehicle" (ALV). To produce the dynamic aug-
mentation in lift, the ALV wings were uncoupled from the
fuselage so that the wings could be mechanically pitched while,
at the same time, the vehicle body could be maintained at a
minimum drag trim. The ALV airfoil motion history was es-
sentially a ramp up to a high angle of attack followed almost
immediately by a ramp down to the original angle of attack.
The study assumed that the wings of the ALV could be re-
duced in size (due to the dynamic increase in lift) and the
design criterion was that the ALV wings should produce the
same total lift as the wings of a conventional vehicle (CV) of
similar design. The ALV and CV wings were taken to be
NACA 0015 airfoils and the following relationship for wings
of finite span was used to size the ALV wings:

50.00 q

(1 + w0/7rARALV) m0/7rARcv) (1)

where C^max is the maximum steady-state section lift, q is the
reference pressure, 5 is the planform area, m() is section lift-
curved slope, and AR is the aspect ratio. The constant of 0.8
on the right side is due to the fact that the CV used only 80%
of the maximum static lift. On the left side the term AL is a
parameter that quantifies the dynamic augmentation in lift
and is defined as the ratio of the time-average section lift over
the combined ramp-up and -down motions to the maximum
steady-state section lift. Reference 1 presents NACA 0015
dynamic section lift data for which the maximum time-average
lift yielded AL = 1.114. However, the existence of higher
values of AL was presupposed and the ALV mission analysis
was carried out using a value of AL = 1.5. The results showed
a near 20% increase in straight-and-level range over the CV
and improved range and maneuverability for a terrain-follow-
ing mission. This note presents NACA 0015 dynamic section
lift data at conditions for which time-average lift values of AL
= 1.5 and above were measured.

Experiment
Tests were conducted using a 6-in. chord NACA 0015 airfoil

in a tow tank. The tank has a width of 12 ft, a length of 30
ft, and a depth of 4 ft. The airfoil was supported vertically
and the clearance between the free end and the bottom of
the tank was 1 in. The airfoil translational velocity was 2.03
ft/s which gives a Reynolds number of 105. The airfoil was
pitched about the quarter chord. The pitch was imparted using
a 3-hp stepper motor which is interfaced to an IBM p.c. con-
troller. The normal and axial forces acting on the airfoil were
measured using strain gauges mounted on the drive shaft which
connects the airfoil to the stepper motor. The gauges were
arranged in two separate bridges, each bridge sensitive to the
desired force only. The angle of attack was measured using
a precision rotational potentiometer fixed to the airfoil drive
shaft. The lift and drag forces were computed from the normal
and axial force data and the angle of attack data. The strain
gauge signals were low-pass filtered at a cutoff frequency of
150 Hz and the data sampling rate was 300 Hz per signal. The
axial load measurements were also filtered using a digital
notch filter tuned to the natural frequency of the towing struc-
ture which was determined to be near 4 Hz. Large vibrations
did not occur in the normal direction and, as such, the normal
force signal was not digitally filtered. A more detailed
description of data acquisition and reductions is given in
Ref. 2.

Steady-state tests were conducted initially to determine the
static section lift curve for the present airfoil. These data
indicated that the static stall angle of attack was 15 deg and
that the maximum lift coefficient prior to stall was 1.22. The
unsteady motion considered in this study is shown in Fig. 1.
The airfoil moves initially at a low angle of attack, o(), and

K=0.05
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Fig. 1 Airfoil test motion.

Table 1 Test conditions

K aw, deg
0.05

0.1

0.2

0
10
0

10
0

15, 20, 25, 30, 35, 40
20, 25, 30, 35
15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65
20, 25, 30, 35, 40, 45, 50, 55
15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65

then undergoes a ramp-up motion to a large angle of attack,
amax, followed by a ramp-down motion at the same pitch rate.
Three pitch rates of K = 0.05, 0.1, and 0.2 were considered
where K = aC/2U^. Figure 1 shows present angle of attack
data vs chords of travel for the cases where «0 = 0 deg and
amax = 40 deg. Other values of a0 and amax were considered
as shown in Table 1. The three pitch rates were selected to
investigate slightly higher pitching rates than those reported
in Ref. 1, the idea being that increasing the pitch rate may
increase the time-average lift.

Results and Conclusions
Shown in Fig. 2a are representative lift coefficient results

plotted as a function of angle of attack for a pitch rate of K
= 0.1 and an initial angle of 0 deg. Arrows on the load history
curves indicate the direction of pitch. Figure 2a gives some
indication of the effect of amax on the relative contributions
of the lift during ramp up and that during ramp down to the
total (ramp up and down) time-average lift. For the ramp up
to amax = 60 deg, the lift begins to decrease at an angle of
attack near 45 deg. Dynamic stall inception data3 indicate that
at a pitch rate of K = 0.1, large-scale flow separation occurs
during ramp up at an angle of attack near 40 deg. The data
of Fig. 2a indicate that most of the dynamic augmentation in
lift occurs before flow separation and increases only slightly
beyond this point. Consequently, the time-average lift during
pull-up displays the same behavior. The lift force data during
the ramp-down motion indicate that for large values of amax
the lift forces are significantly reduced below their ramp-up
counterparts. A significant reduction in the lift during ramp
down as amax increased beyond the dynamic stall threshold
was also observed for K = 0.05 and 0.2. The reduction of
the lift during ramp down appears then to be due to the flow
separation and the accompanying loss of suction pressure. The
flow separation also appears to be related to the occurence
of negative lift coefficients during the ramp down from large
amax as in the data for amax = 60 deg for angles of attack near



J. AIRCRAFT, VOL. 29, NO. 4: ENGINEERING NOTES 711

3.00 -i

2.00 -

1.00 -

0.00 -
«max =60°

-1.00-
a) o.Oo

4.00 n

3.00 -

2.00 -

1.00 -

o.oo

20.00 40.00 60.00

-1.OO
0.00 20.00 40.00 60.00

b) ANGLE OF ATTACK (deg)
Fig. 2 Representative lift and drag coefficient data for K = 0.1 and
a0 = 0 deg.

10 deg and below. Negative lift coefficients have also been
reported in Ref. 1. As amax is reduced into the range 30 deg
< «max < 40 deg, the lift forces during ramp down approach
the ramp-up lift values and, as pointed out in Ref. 1, this
suggests that the flow remains, to some extent, "contour"
following.

Unsteady airfoils may also experience a dynamic augmen-
tation in drag due primarily to augmented normal force load-
ing. Figure 2b indicates that for values of amax near the dy-
namic stall onset angle, the drag loading during ramp up and
ramp down is nearly the same. This further suggests that the
flow remains contour following. For amax well beyond the stall
limit, the drag during ramp down is significantly less than that
for ramp up.

The time-average lift has been defined in this study as

when the airfoil reaches amax. At each pitch rate the average
lift initially increases rapidly with amax and then levels out at
high ttmax- For the data at K = 0.1 and 0.2 there appears little
to be gained by increasing amax above 45 deg. Increasing the
onset angle to 10 deg increases the time-average lift signifi-
cantly; however, examination of the load histories, such as
those in Fig. 2, indicates that this is mainly a numerical effect
and not some further dynamic lift augmentation.

The time-average lift for the ramp-down motion is shown
in Fig. 3b. Here, rl in Eq. (2) is the time when the ramp
down begins and r2 is the time when the airfoil returns at a0.
The lift initially increases with amax, achieves a maximum at
an intermediate <*max, and then decreases rapidly. Dynamic
stall inception data3 indicate that for ramp-up motion at low
Mach numbers, a NACA 0015 airfoil will experience large-
scale flow separation during ramp-up motion at the approx-
imate angles of attack indicated by the arrows in Fig. 3b for
each pitch rate. For values of amax beyond the dynamic stall
threshold, the average lift during ramp down decreases rap-
idly. As shown below, this decline in sustained lift during
ramp down limits the total time-average lift for maneuvers to
large amax.

The effect of amax on the total time-average lift is shown in
Fig. 3c. Insofar as the total average lift is concerned, there is
little or no advantage in increasing amax beyond the dynamic
stall angle of attack. A comparison of Fig. 3a, 3b, and 3c
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where £ is time. The dynamic augmentation parameter AL in
Eq. (1) is given by

(3)

where for the present airfoil CLmax - 1.22. In Fig. 3a, the
time-average lift over the ramp-up interval of the motion is
plotted as a function of amax. Data at K = 0.05 and 0.1 for
which the onset angle was 10 deg are also shown. In Eq. (2),
T! is the time at which the ramp up begins and r2 is the time

\

1.8
1.6-
1.4-
1.2-
1.0-

0.8-

0.6-
0.4

10 20 30 40 50
(deg)

60 70

max

Fig. 3 Time-average lift parameter results.
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Fig. 4 Time-average drag coefficient results.

shows the average lift during the ramp-down motion is the
dominant factor in the decline of the total average lift at high
amax. In the analysis in Ref. 1 a dynamic lift augmentation of
AL = 1.5 was assumed, and this resulted in an ALV with a
near 20% improvement in straight-and-level range over the
conventional baseline vehicle. In Fig. 3c, an augmentation of
AL = 1.5 was achieved at the highest pitch rate of K = 0.2
and a0 = 0 deg and for both cases of K = 0.05 and 0.1 for
starting angles of «0 = 10 deg. The asssumption of Ref. 1
concerning the existence of augmentation parameters near
1.5 and above would appear then to have some justification.

Any benefits that might be gained from augmented lift must
be weighed against the penalty levied by the increase in dy-
namic drag loading. Figure 4 shows the total time-average
drag coefficients for each test motion. Figure 4 clearly shows
that decreasing amax is advantageous from the standpoint of
average drag reduction. From Fig. 3c at the pitch rates of K
= 0.05 and 0.1 and starting angles of 10 deg, a value of amax
= 35 deg results in nearly optimum lift augmentation with
respective AL values of 1.5 and 1.63. The corresponding av-
erage drag coefficient is seen in Fig. 4 to be near 0.7, which
by some standards is large. Notice, however, that the average
drag decreases rapidly with decreasing amax, and for amax =
25 deg and pitch rates of K = 0.05 and 0.1, the average drag
coefficient has dropped to 0.3 and 0.24, respectively. At the
same time, the lift augmentation remains well above unity
and, from Fig. 3c, has values of 1.38 and 1.34, respectively.
Thus for the rate of K = 0.1, decreasing amax from 35 to 25
deg results in a drop in the average lift of 18% (though still
maintaining significant lift augmentation), whereas the av-
erage drag decreases over 60%.

In the present study the pitch rate for the ramp-up and
ramp-down motions was the same. For a stopping angle of
amax = 25 deg the data of Fig. 3a indicate that the average
lift during ramp up generally increases with pitch rate, whereas
in Fig. 3b the average lift during ramp down decreases with
pitch rate. There may then be some advantage in ramping up
at a high rate followed by ramping down at a lower rate. In
the motions studied in Ref. 1 the rate during pull-up was
lower than that for pitch-down. Maintaining acceptable drag
loading may be a limiting condition for defining airfoil motions
for the purpose of utilizing augmented lift.
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Nomenclature
A — aspect ratio of wing
a = speed of sound at flight altitude
C = specific fuel consumption
CD = drag coefficient
CDO = parasite drag coefficient
CL = lift coefficient
C() = parameter of specific fuel consumption in Eq. (10)
C\ = parameter of specific fuel consumption in Eq. (10)
D = drag, Q.5ypM2SCD
K = range parameter
L = lift, Q.5ypM2SCL
M = Mach number
p = pressure at flight altitude
R = range
S = wing area
V = true cruise speed
W = airplane weight
j8 = exponent in the dependence of C with M
y = ratio of specific heats of air
0 = temperature at flight altitude relative to sea level
(f) = induced drag efficiency factor

Subscripts
cr = conditions at maximum range parameter
opt = conditions at maximum LID

Superscripts
* = condition of reference

Introduction

A VERY important point in the initial design of transport
aircraft is the linkage between aerodynamic and pro-

pulsive parameters involved in the determination of the range.
An airplane must be designed to fly in the surroundings of
an appropriate optimum cruise condition, where fuel con-
sumption is minimized, because of the economic impact of
fuel cost in airplane operation,1"3 and for the possibility of
reducing in parallel the maximum takeoff weight, thus reach-
ing the best design.3-4

In the classical analytical approach, the optimum cruise of
a jet aircraft is usually considered with some simplifications,
like no compressibility effects, constant specific fuel con-
sumption,5-6 and the constant altitude constraint imposed by
air traffic control.7-8

Several attempts have been done to improve the former
model and obtain a more realistic representation, providing
complex empirical1-7 or analytical relations9; most of them are
not adequate for initial design.

In the present study, the specific fuel consumption is influ-
enced by the Mach number, according to a potential law
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