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Nomenclature
c = chord
g = similarity function
K = Sychev similarity parameter
U. = freestream velocity
x = chordwise direction
a = angle of attack
r = vortex circulation
I..sp.re = circulation at trailing edge at angles of attack
beyond that at which breakdown occurs
& = wing apex half-angle
A = leading-edge sweep angle
Subscripts
BD = breakdown
BD-TE = breakdown at trailing edge
r = root

Introduction

EYOND moderate angles of attack the flowfield over

slender delta wings is usually characterized by the for-
mation of leading-edge vortices. These vortices form and are
strengthened by vorticity emanating from the wing’s leading
edge. However, as the angle of attack of the wing increases,
the leading-edge vortices may break down, a phenomena as-
sociated with a marked deceleration of the vortex core, and
increase in the diameter of the resulting structure. Unwelcome
characteristics of vortex breakdown (e.g., a flattening of the
lift curve and a destabilizing nose up pitching moment, etc.)
have resulted in numerous studies of the phenomena.' > Gen-
erally, attempts to find a universal scaling parameter to cor-
relate breakdown have not been satisfactory.* However, studies
have suggested that breakdown is associated with the concen-
tration and distribution of vorticity, and the ability of the vor-
tex to convect it axially downstream.’ The apparent success of
the Rossby number® (i.e., the ratio of the axial velocity to the
maximum rotary velocity at the edge of the viscous core), as
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a criterion for the prediction of the onset of breakdown, also
supports the concept of a threshold level for the convection of
axial momentum or vorticity downstream.

Although numerical predictions of the onset of vortex break-
down are feasible, it is still useful to have simple analytic
expressions for predicting the location of the breakdown,
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where extensive numerical solutions are not practical. In this
Note, expressions are derived to predict the chordwise varia-
tion of breakdown with incidence for delta wings.

Discussion of Method

Hemsch and Luckring’ showed that by using Sychev simi-
larity parameters, the vortex strength at the trailing edge of
slender wings could be correlated. The parameter was given
in the form (where the exponent of K equal to 1.2 was shown
to correlate the numerical data of Smith’):

g = AK'? = T'/U.c, tan’s cos a )
where X is given by
K = tan a/tan ¢

Visser and Nelson’ showed that setting A = 4.63 yielded an
effective correlation of their test data and that of other re-
searchers, when g was plotted as a function of K. Recasting
Eq. (1) in terms of nondimensional circulation gives

T/U.c, = 4.63 tan®%e tan'?a cos a )

Criteria to correlate breakdown consisting of a fixed value of
circulation as suggested by Jumper et al.® have generally not
been successful.* However, using the large base of experi-
mental data contained in Ref. 4 showed that setting I'/U.c, =
0.68 and solving for a using Eq. (2) yielded values within the
experimental scatter of the data for the prediction of agp g for
leading-edge sweep angles of 65, 70, 75, and 80 deg. However,
the predictions for a given data set were not found to be par-
ticularly consistent. Using Eq. (1) and K to correlate the ex-
perimental results in Fig. 1 (based upon that in Ref. 4), allows
an exponential curve to be fitted as given by Eq. (3), which is
more consistent in predicting app.rx:

tan agp.gg = 13.47 tan e e_G'% (3)

Having determined an expression to estimate app.re, it is nec-
essary to establish the location of breakdown with increasing
incidence when it has progressed forward of the trailing edge.
The form of a suitable expression for (x/c,)sp Was determined
by initially assuming that at breakdown (for o > apprg), the
nondimensional circulation (Fgp/U.c,) is constant, and equal
to the value when breakdown first occurs at the trailing edge,
i.e., Fep/Usc, = Tppre/Uxc,, as determined using Eqgs. (2) and
(3). Slender wing theory,” using assumptions of conical flow,
suggests that the strength of the leading-edge vortex increases
linearly with distance from the apex; a result that has also been
seen in experiment.’ Thus it was also presumed that the flow
is conical such that circulation increases linearly from the
apex.

Interpolating between the value of circulation at the trailing-
edge T .pp.1e/Uxc,, found using Eq. (2) for a given a (noting
that circulation at the apex is zero) to locate the position where
the circulation is equal to I'sp.1s/U.c,, yields an expression of

the form:
(i) _ Jeome <x_m> _ JTooms
Cr/ BD Casepre \ € Ie.spre
The value of circulation at breakdown (@ > agp1) With
increasing incidence generally is not constant, and it reduces,
approaching a value of zero as breakdown approaches the lead-
ing edge. The expression mentioned previously needs to be

modified to take into account this reduction. A suitable mod-
ification was determined to be of the form given by Eq. (4):

X I'spre )”
s =|———— 4
(Cr)ao (FH>BD»TE @

Estimation of the progression of breakdown for a specific plan-
form would consist of solving Eq. (3) for agpe. Next, the
corresponding circulation at the trailing edge for agp.rg Would
be determined using Eq. (2). Subsequently, the chordwise var-
iation of breakdown with increasing incidence may be deter-
mined using Eq. (4).

Setting the index n = 3 yielded the predictions shown in
Fig. 1. It may be seen in the figure that Eq. (4) shows good
correlation with the experimental data. Although the scatter
in the measurements is fairly substantial, all of the results
show essentially similar trends for the variation of breakdown
location with incidence. It is evident that the general form of
the plots is adequately represented by Eq. (4). The figure also
clearly shows that increasing wing slenderness is accompa-
nied by an increase in the angle of attack at which breakdown
first occurs at the wing’s trailing edge. It is notable that the
angle-of-attack range, required for breakdown to progress
from the wing’s trailing edge to the apex, is seen to be
roughly constant for the featured planforms, and spans ap-
proximately 20-25 deg.

Summary

Expressions were derived to predict the variation of vortex
breakdown location with incidence for delta wings. The
method uses a Sychev similarity parameter to estimate the vor-
tex circulation at the trailing edge. An interpolation equation,
determined on the basis of conical flow and modified to take
into account breakdown effects, was derived to estimate the
breakdown position. The method was compared with experi-
mental data, and good agreement was shown.
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