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Introduction

A LTHOUGH vortical flows dominate, the phenomenon
of vortex breakdown (burst) and the onset of vortex

asymmetry severely limit the high angle-of-attack (AOA)
aerodynamics. When bursting is symmetric, only pitch sta-
bility is affected. When sideslip is present, the bursting be-
comes asymmetric, causing a rolling moment which adversely
affects both roll and yaw stability. The effect of AOA on
vortex bursting has been investigated extensively on delta
wings,1 and to a limited extent on complete aircraft config-
urations.2"4 However, experimental data on the influence of
sideslip on vortex bursting is limited,5"7 and data on the ef-
fects of sideslip rate are still rather scarce even for simple
wing shapes, let alone for complete aircraft configurations.

The canards affect the vortex development and have a strong
influence on the lateral and directional stability.8 The use of
a close-coupled canard-configuration to achieve maneuvera-
bility and control in the poststall regime is the subject of
growing scientific interest. Of special importance is the under-
standing of the vortex development and breakdown (bursting)
under rapidly maneuvering conditions as envisioned for the
U.S. Navy's X-31A aircraft. Therefore, an extensive, dye-
injection flow-visualization study was undertaken in the Naval
Postgraduate School (NFS) water tunnel, to characterize the
vortical flowfield around a maneuvering canard-configured
fighter aircraft model comparable to X-31A. The influence
of canard location and pitch rate has been investigated ear-
lier.9-10 The results of the investigation on the effect of rate
of sideslip are presented here. These first of a kind flow vis-
ualization results should be of interest to researchers working
on similar configurations, especially in view of the clean sup-
port system used (Fig. 1). Additional details of the investi-
gation appear in Refs. 11 and 12.
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Experimental Program
The NPS water tunnel is a horizontal, continuous flow,

closed circuit facility with a test section 38 cm wide, 51 cm
high, and 152 cm long. Water velocities of up to 30.5 cm/s
are possible in the test section with a turbulence level of less
than 1%. The dye-supply system for injecting color dyes through
model ports consists of six pressurized color dyes using water
soluble food coloring. The model support system, attached
to the top of the test section, utilizes a C-strut to vary the
pitch angle travel up to 50 deg, and a turntable to provide
yaw variations up to ±20 deg (Fig. 1). Model pitch and yaw
are controlled independently, with the yaw servo motor pro-
viding yaw rates of 1 -8 deg/s and 2-8 deg/s.

The X-31A-like model used in this investigation is a sim-
plified 2.3% scale model approximating the X-31A fighter
aircraft with a double-delta wing, a delta-canard, a rectangular
fuselage and several dye-injection ports (Fig. 2). The key
dimensions of the model are: model length = 30.5 cm (12
in.), model span = 20.3 cm (8 in.), and wing root chord Cwr
= 14.0 cm (5.5 in.). The canard's nondimensional location
corresponded to Xc = Xc/Cwr = 43.18%, Zc = Zc/Cwr =
7.95%, where the canard's horizontal distance Xc and its ver-
tical distance Zc are measured from the quarter point of the
canard root chord to the quarter point of the wing root chord.10

The upper surface of the wing and the fuselage had grid lines
marked for easy identification of vortex burst location.

The experimental program was carried out in two phases.
The first phase involved the vortex flow visualization of the
static model in the AOA range a = 15-50 deg at sideslip
angles of p = 0, 5, 10, 15, and 20 deg. The second phase
involved the dynamic vortex flow visualization of the side-
slipping model for two rates of sideslip with /3 varying from
0 to 20 deg (simple sideslip increase motion) and 20 to 0 deg
(simple sideslip decrease motion), both in the AOA range of
15 to 50 deg. The flow velocity in the water tunnel was nearly
constant at 7.5 cm/s, corresponding to a nominal Reynolds
number of 1.02 x 104 based on the wing root chord. The
reduced yaw rates were fib/2U^ = 0.05 and 0.08, where b is
the model span, U*, is the freestream velocity, and j8 is the
sideslip rate in rad/s. Note that these rates are comparable
with the flight value of 0.03 for an assumed sideslip rate of
40 deg/s at 150 kt. The model yaw-axis was located at 62.7%
of the wing root chord (21.5 cm aft of the nose). Extensive
videotape recording and 35-mm photography of the model
flowfield in both top view and side view were performed to
document the observed flow phenomena during static and
dynamic conditions.

Results and Discussion
All measurements were made on the leeward side of the

model. Data reduction essentially consisted of measuring the
burst location of the wing root vortex Xb from the leading
edge of the wing root chord and plotting it as a function of
AOA. The burst locations were determined from the pho-
tographs with the utmost care and consistency, and scaled for
nondimensionalization using the wing root chord. Where nec-
essary, videotape playback was used for clarification/confir-
mation of vortex burst location. Some degree of imprecision
may be present in the reduced data due to the difficulty in
locating the burst point, particularly at high angles of attack
combined with high-rate dynamic motion. In addition, during
the static segment of the experiment the burst location at any
AOA was unsteady and fluctuated up to ± 0.63 cm (i.e., about
4.5% of the wing root chord) about the mean location. For
a discussion on the quality of NPS water tunnel burst data,
see Hebbar et al.4

Figure 3 shows a typical asymmetric wing root vortex flow
pattern at 20-deg AOA and 5-deg sideslip angle, with the
vortex bursting on the leeward side at 75% of the wing root
chord and lagging that on the windward side. The sideslip
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Fig. 1 Model support system of the NFS water tunnel.
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Fig. 2 2.3% scale model of X-31A-like aircraft with dye injection
ports.

plays a key role in the asymmetric development and bursting
of wing root vortices, as has been demonstrated for a delta
wing.5 Reference 11 discusses these aspects in detail based on
a careful examination of the static vortex flow patterns at
different sideslip angles. At small sideslip angles (/3 = 5-10
deg) in the 15- to 20-deg AOA range, an asymmetric wing
root vortex pair is seen to develop with the wing root vortex
core bursting later on the leeward side than on the windward
side. In the 25- to 30-deg AOA range, the vortices become
symmetrical and burst at approximately the same location on
both sides. However, in the 30- to 50-deg AOA range, the
vortices become asymmetrical once again, but with the wind-
ward side vortex bursting later than the leeward side vortex.
These effects on the bursting of leeward side vortex are shown
quantitatively in Fig. 4. It is clear from the figure that the
major effect of sideslip is to delay the vortex bursting on the
leeward side throughout the AOA range tested (15-50 deg).

Figure 5 shows a typical asymmetric wing root vortex flow
pattern at 20-deg AOA and 5-deg instantaneous sideslip an-
gle, during positive sideslipping motion with a reduced yaw
rate of f3b/2U^ = 0.08. As seen here, the leeward side vortex
is bursting later than the windward side vortex, but the amount
of asymmetry is less than that in the corresponding static case
(Fig. 3). This is attributed to the phenomenon of dynamic lag
which causes an effective decrease in the leading-edge sweep

Fig. 3 Wing root vortex flow, static case, a = 20 deg, ft = 5 deg.
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Fig. 4 Wing root vortex burst location as a function of AOA for static
case at different sideslip angles (ft = 0, 5, 10, 15, and 20 deg).
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Fig. 5 Wing root vortex flow, dynamic case, a = 20 deg, /8 = 5
deg, pb/2Uy = 0.08.
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Fig. 6 Wing root vortex burst location at 5-deg instantaneous sideslip
angle during sideslipping motion, as a function of AOA.
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Fig. 7 Wing root vortex burst location at 10-deg instantaneous side-
slip angle during sideslipping motion, as a function of AOA.
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Fig. 8 Wing root vortex burst location at 15-deg instantaneous side-
slip angle during sideslipping motion, as a function of AOA.

on the leeward side, and an effective increase on the windward
side compared with the respective effective sweep angles in
the static case. During the positive sideslipping motion, the
vortex bursting on the leeward side occurs earlier than in the
equivalent static case. Conversely, during the negative side-
slipping motion, the vortex bursting on the leeward side occurs
later than in the equivalent static case. Figures 6-8 show
typical burst location plots highlighting the dynamic sideslip
effects. These figures quantify the leeward side vortex burst
response at instantaneous sideslip angles of 5,10, and 15 deg,
respectively. The corresponding burst location plot for the
static case (j8 = 0) is also shown on these figures for purposes
of comparison. Throughout the AOA range, it is seen that
relative to the static case, the vortex burst on the leeward side
always occurs earlier during the positive sideslipping motion,
but later during the negative sideslipping motion. These dy-
namic lag effects are clearly seen to be a function of the
reduced yaw rate (nondimensional sideslipping rate).

Conclusions
The following conclusions are drawn from the results of the

investigation:
1) Static sideslip effects: vortex core bursting location is a

function of sideslip angle. At a constant AOA, the leeward
side vortex burst moves rearward and outboard with sideslip,
and the windward side vortex burst moves forward and in-
board. The vortex asymmetry switches sides as the AOA is
increased (>30 deg).

2) Dynamic sideslip effects: during the positive/negative
sideslipping motion, the leeward side vortex burst occurs ear-
lier/later relative to the static case. The dynamic lag effects
associated with sideslipping motion increase with the mag-
nitude of the rate of sideslip.
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Introduction

I N a conversation among pilots, one might hear a statement
to the effect that, considering agility, this airplane is "head

and shoulders" above that one. The purpose of this Note is
to show that such notions of distance can be quantified by
use of the Mahalanobis generalized distance measure. Even
though the presentation that follows is couched in terms of
aircraft agility, the method is generally applicable.

Suppose a set of p agile maneuvers Xl9 X2, . . . , Xp is
executed and measured A^ times on an aircraft of one type,
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and N2 times on an aircraft of another type, for a total of
N = Nl + N2 p-variate measurements, all correlated and
each measured in possibly different units. It is assumed that
the errors of measurement are multivariate normal with equal
covariance matrices. We want to calculate from these mea-
surements a set of dimensionless distances D between the two
aircraft for each of the p maneuvers, and for a linear com-
pound of all the maneuvers.

In 1936 Mahalanobis1 devised a generalized distance mea-
sure D defined by

D2 = d'S~ld (1)

where d is a vector of differences between the p means, d' is
the transpose of d, and S~l is the inverse of the pooled var-
iance-covariance matrix S. Interest in and use of this distance
measure continues, especially in India, to the present time.
We note that the Mahalanobis distance is measured in a non-
orthogonal p-dimensional space.

In the case where p = 1, D can be calculated easily from
the equivalent relation

D2
 = (2)

where R is the sample correlation coefficient. For example,
suppose the first aircraft performs one maneuver three times,
and records the values 1, 2, and 3. The other aircraft performs
the same maneuver three times and records the values 4, 5,
and 6. We introduce a dummy variable y consisting of zeros
for the first aircraft, and ones for the other aircraft, and dis-
play the data in two columns, as shown in Table 1.

We used a hand-held calculator, the Texas Instruments TI-
35X, and entered the six data pairs in Table 1. With a single
key-stroke, the calculator displayed the correlation coefficient
R = 0.87831. Using Eq. (2) we got D2 = 9. When there are
p maneuvers, this simple procedure can be used to get a
distance between the two aircraft for each one of the p ma-
neuvers. The statistical significance of each of these distances
can be checked by comparing the calculated R with a statistical
table of R. Some of these values of R may be statistically
nonsignificant, in which case one might be tempted to delete
the data from that maneuver. However, this could be a mis-
take, because any distance measured, however small or sta-
tistically insignificant, may be highly suggestive, and therefore
useful. For further discussions of the dangers of discarding
correlated data, see Kramer2 and Kendall.3

The defining relationship Eq. (1) can also be used to cal-
culate D2. From the data above, the mean difference d = 5
-2 = 3. We calculated the pooled variance to be 1. Sub-
stituting in Eq. (1) we got D2 = 3 x 1 x 3 = 9 as before.
Either Eq. (1) or Eq. (2) may be used if we wish to calculate
the distance between the two aircraft based on a linear com-
pound (called a linear discriminant function) of the p mea-
surements, and a computer already programmed for this is
recommended. A superb choice is a stepwise buildup regres-
sion program (without an intercept estimate), which enters
one variable at a time into the regression (namely that variable
which most reduces the regression error) and prints a multiple

Table 1 Data for one
maneuver

Dummy
variable
y
0
0
0
1
1
1

Maneuver
X,
1
2
3
4
5
6
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