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Effect of Fuselage Geometry on Delta-Wing
Vortex Breakdown

Lars E. Ericsson*
Mountain View, California 94040

A fuselage is usually associated with the use of a delta wing on an actual aircraft. It is also in many
cases necessary to use a centerbody of some shape in tunnel tests of pure delta wings. The present paper
describes the flow physics causing the experimentally observed large effect of a fuselage on delta-wing

vortex breakdown.

Nomenclature
B = deflection angle of apex flap, Fig. 6
b = wingspan
c = wing root chord
) = rolling moment, coefficient C, = 1/(p..U2/2)Sb
D = static pressure, coefficient C, = (p — p.)(p.UZ/2)
Re = Reynolds number based on ¢ and freestream
conditions
S = reference area, projected wing area
U = horizontal velocity
Wie = body-induced upwash effect at the leading edge
X = chordwise coordinate, distance from apex
a = angle of attack
A = increment
Aoye = angular delay of leading-edge flow separation,
Eq. (1)
i = angle of leeside leading-edge bevel
A = leading-edge sweep
13 = dimensionless x coordinate, x/c
p = air density
(o) = inclination of the roll axis
b = roll angle
Subscripts
B = vortex breakdown
eff = effective
LE = leading edge
0 = freestream conditions

Introduction

HE purpose of the original test' of the configuration

shown in Fig. 1 was to demonstrate that the high-alpha
aerodynamics of delta wings are so nonlinear that locally lin-
earized analysis cannot be applied, creating the need for new
methods to describe and use experimental results.” With this
fact established, numerous experimental and theoretical inves-
tigations followed, in which the effect of the presence of the
centerbody (Fig. 1) never was seriously considered. It is the
purpose of the present paper to demonstrate that this effect is
large and cannot be neglected in any realistic analysis.

Analysis
In tests of the 65-deg delta-wing-body configuration' (Fig.
1), the vortex breakdown location varied with alpha as shown
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in Fig. 2, occurring significantly aft of the location measured
by others* for a pure 65-deg delta wing. The angle of attack
for the results in Fig. 2a need to be corrected for the effect of
the leeside bevel angle ;5 at the leading edge.” The effective
angle of attack is
Qer = & — Ao, Aayg = tan” '(tan 8z cos A) (1)
When the test results in Fig. 2a are plotted against the ef-
fective angle of attack o, corrected for the effect of 8,5, 7.5
deg for W & K and 10 deg for H & H, it becomes evident
that the fuselage had a large effect on vortex breakdown in the
H & H test (Fig. 2b).> The L & B data have not been corrected.
Together with the large bevel angle 8, = 16 deg, one also has
to consider that the wing was seven times thicker than the
others. As pointed out in Ref. 4, the all-important apex flow
conditions are very sensitive to wing thickness. There are pres-
ently no simple means available for considering the combined
effect of leading-edge bevel and wing thickness. At a = 30
deg, the breakdown on the delta-wing-body configuration®
(Fig. 1) occurs more than 30% chord aft of the breakdown
locations on the pure delta wings.*

Body-Induced Camber Effect

The presence of a centerbody has been shown to have a
large effect on vortex breakdown on a 69.33-deg delta wing®
(Fig. 3). However, in this case, the effect was to promote vor-
tex breakdown to occur much earlier than for a pure delta
wing, not much later (Fig. 2), as the case was for the fuselage
geometry shown in Fig. 1. Following a suggestion by Tobak,
that the fuselage effect could be defined more clearly than in
Ref. 7 by considering “The analogy ... between forms of
pressure distribution induced on the one hand by streamwise
camber and on the other hand by wing-body interference” and
“the introduction of a deformable planar wing surface to make
the logic clear,” the fuselage effect in Fig. 3 is now derived
as follows. Figure 4a illustrates how the body-induced upwash
along the leading edge would vary without the delta wing in
place, and Fig. 4b shows how the same flow conditions along
the leading edge could be generated by the planar delta wing
alone if it were given the appropriate negative streamwise
camber. As demonstrated by the experimental results by Lam-
bourne and Bryer® (Fig. 5b), the negative camber will promote
vortex breakdown, in agreement with the experimental results®
in Fig. 3. If instead of being a circular cylinder the centerbody
had an ogival shape, the fuselage-induced upwash along the
leading edge without the wing in place would vary as illus-
trated in Fig. 6a. For each cylindrical segment in the approx-
imation of the ogival body shape, the upwash distribution

fTTobak, M., private communication, Mountain View, CA, Feb. 1998.
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Fig. 2 Measured breakdown location on a 65-deg delta-wing-
body configuration® compared with that on pure 65-deg delta
wings* a) original results, £ = f (&) and b) results corrected for
the effect of leading-edge bevel, £ ;= f (0.

would be that shown in Fig. 4a. In the limit of an infinite
number of cylindrical segments, the continuous upwash distri-
bution indicated by the dashed line would result. Figure 6b
shows the cambered, planar delta wing that will generate the
same flow conditions at the leading edge as those generated
by the centerbody in Fig. 6a. Thus, the tested wing-body con-
figuration (Figs. 1 and 7a) can be represented by the cambered
pure delta-wing geometry sketched in Fig. 7b. According to
the experimental results® in Fig. 5, the positive camber on the
forward part of the wing would delay vortex breakdown (Fig.
5a), and the negative camber on the aft part would promote
breakdown (Fig. 5b). Apparently, according to the experi-
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Fig. 3 Effect of cylindrical centerbody on £,= f(x) on a 69.33-
deg delta wing.®

a)

b) ? \\.

Fig. 4 Conceptual body-induced camber effect by a circular-
cylinder body: a) upwash induced by body alone along the leading
edge of planned delta wing geometry and b) equivalent cambered,
planar, pure delta wing geometry.
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Fig. 5 Effect of static camber on delta wing vortex breakdown.®
Local incidence a) increasing and b) decreasing with distance from
apex.
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Fig. 6 Conceptual body-induced camber effect by an ogival cen-
terbody: a) upwash induced by body alone along the leading edge
of planned delta wing geometry, and b) equivalent cambered, pla-
nar, pure delta wing geometry.

mental results in Fig. 2, the positive forward camber effect
dominated. This is understandable in view of the observed
large effect of a drooping apex flap’ (Fig. 8). The improvement
of the leading-edge vortex characteristics is obvious when
comparing the pressure distribution under the vortex for the
flap angle B = 12 deg with that for the basic wing, B = 0. In
the conclusions of Ref. 9 it is revealed that “The depoyment
of an apex flap in a drooping position proved to delay the

/
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Fig. 7 Tested delta-wing-body geometry": a) fuselage with flat,
planar wing, and b) conceptually equivalent cambered, planar
wing alone.

appearance of breakdown over the wing to an angle of attack
of about 8 deg beyond the corresponding value of the unmod-
ified fixed wing.” This is also the fuselage-induced effect at o
= 30 deg in Fig. 2b.

Based on the expected difference in body-induced camber
effects for the area-changing and cylindrical parts of the fu-
selage, illustrated by the sketch in Fig. 7b, the presence of the
centerbody should delay the breakdown travel toward the apex
and accelerate the downstream travel toward the trailing edge.
The experimental results” in Fig. 2b show the expected speed-
ing-up of the downstream travel toward the trailing edge with
decreasing angle of attack to be more pronounced than for the
pure delta wing.* The body-induced slowdown of the break-
down travel toward the apex is also apparent when comparing
the experimental results in Fig. 2b; the breakdown reaches the
apex at a = 45 deg for the delta-wing-body configuration
compared with o < 35 deg for the pure delta wings. The slow-
down of the forward breakdown movement discussed in Ref.
10 cannot have been caused by a decrease of the effective
angle of attack, as was suggested by the authors. At ¢ = 0,
the effective angle of attack and windward/leeward leading-
edge sweeps are given by’

a(d) = tan” '(tan o cos ) (2)
A(dp) = A + tan '(tan o sin ¢) 3)

At & = 14 deg, Eq. (2) indicates that a(¢d) has decreased
from 30 to 29.3 deg, barely enough to cause a noticeable
change in breakdown position. However, the decrease of the
windward leading-edge sweep to A = 57 deg should have pro-
moted breakdown to reach the apex at a < 29.3 deg.”” Thus,
the delay of the breakdown’s arrival to the apex can only be
the result of the forebody-induced camber-like effect (Fig. 7b),
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Fig. 9 Experimentally determined effective angle of attack and leading-edge sweep at which vortex breakdown reaches the apex on a

rolling 65-deg delta-wing-body configuration.”

slowing down the breakdown travel forward to the nose of the
centerbody. However, once past the nose, the breakdown
should behave as on a pure delta wing. A detailed experimental
investigation of this region' showed that the measured occur-
rence of vortex breakdown at the apex correlated well with
the Wentz- Kohlman results'> (Fig. 9). The effective angle of

attack and leading-edge sweep are values adjusted for the ef-
fect of roll angle,” [Egs. (2) and (3)]. The angle of attack was
also corrected for the effect of 8,5 = 10 deg, Ref. 5 and Eq.
(D).

The experimental results in Fig. 9 were obtained when in-
creasing the roll angle from ¢ = —30 deg in increments of
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Fig. 10 Measured rolling moment at 0 = 30 deg of a 65-deg
delta-wing-body configuration as a function of roll angle."

1-5 deg."” The experimental data'* in Fig. 10, obtained for
increasing and decreasing roll angles, show an interesting
anomaly for the critical state at ¢ ~ 8.5 deg. Contrary to what
was the case for the critical state at & ~ 5 deg, no hystere-
sis loop of the usual type was measured at ¢ ~ 8.5 deg. Ac-
cording to Ref. 15, global flow separation occurs over the
windward wing half when the roll angle is increased past ¢ =
8.5 deg, resulting in a discontinuous increase of C, How-
ever, when the roll angle is decreased, the return to the C,;
level at ¢ < 8.5 deg is not delayed, but instead promoted to
occur at ¢ > 8.5 deg. This “presently unexplained anomaly”
needs to be investigated further according to the authors of
Ref. 14.

Because the critical state at ¢ ~ 5 deg is generated by the
travel past the trailing edge of vortex breakdown on the lee-
ward wing half (bottom insets in Fig. 10), it is most likely not
affected to any significant extent by the distant presence of the
centerbody. Thus, earlier analyses'®'” still apply in this case.
However, the critical state associated with the breakdown
travel to the apex on the windward wing half (top insets in
Fig. 10) is influenced dramatically by the presence of the body,
an influence not considered in earlier analyses'®'” because this
effect was unknown until the detailed measurements™ in Fig.
10 became available. The analysis in Ref. 17 assumed that the
action creating the critical state at ¢ =~ 10 deg took place when
the breakdown on the windward side reached the apex, causing
a sudden loss of lift generated by the helical flow downstream
of a spiral vortex breakdown.'®"” The detailed measurements
in Ref. 14 showed that this event took place already when the
vortex breakdown approached the nose tip of the centerbody.
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Fig. 11 Effect of rampwise alpha-change on the vortex break-
down on a 65-deg delta-wing-body configuration™: a) increasing
and b) decreasing angles of attack.

This is likely to have caused the measured C, increase at ¢ =~
8 deg. (Note that the local loads near the apex have no sig-
nificant effect on C,.) For increasing ¢, this loss of downstream
lift on the windward wing half is most likely the main contri-
bution to the stepwise increase of C, at ¢ ~ 8 deg.

When the roll angle is increased past ¢ = 8.5 deg, the vortex
breakdown on the windward wing half advances until it is no
longer prevented by the fuselage from interacting with the lee-
ward side vortex flow near the apex. As the vortex is created
at the apex, any interference with the process will affect the
whole downstream development of the leeside leading-edge
vortex, which itself does not burst on the wing until & < 5
deg. This interference could have resulted in a less tightly
wound vortex, as indicated in the top inset farthest right in
Fig. 10, causing a loss of vortex lift on the leeward wing half
that could be responsible for the sudden decrease of the C(db)
slope at ¢ > 8.5 deg. It was also most likely responsible for
the large data scatter at 8.5 < ¢ < 11 deg. The data set for
decreasing ¢ indicates that the intermittent separation geom-
etry illustrated in the top center inset in Fig. 10 could never
be established. This is in general agreement with experimental
results for double-delta™ and straked-wing® geometries. The
dashed-line extension of the C/(d) slope from ¢ < 8.5 deg in
Fig. 10 illustrates how this would be recorded by the experi-
mental results for decreasing ¢. This fairing agrees with the
measurements within the data scatter. When the roll angle is
decreased below ¢ = 9 deg, the windward side vortex break-
down moves aft of the nose of the centerbody, which then can
shield the leeward side vortex development from the interfer-
ence generated by the windward side vortex breakdown. It
should again be emphasized that the observed C, changes are
generated by the changes occurring in the downstream vortex-
induced loads, and will, therefore, be associated with signifi-
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Fig. 12 Pitch-rate-induced camber effect: a) increasing and b)
decreasing angle of attack.

cant time history effects. Recent experimental results™ have
shown that the relaxation time (to 63% of steady-state C)) is
seven times larger for decreasing than for increasing roll angles
through ¢ = 8 deg. No such difference was observed for ¢ =
5 deg, where vortex breakdown on one wing half cannot affect
the vortical flow on the other half.

Other experimental results for the 65-deg delta-wing-body
geometry” (Fig. 11) also demonstrate that the fuselage has a
large effect on the unsteady vortex breakdown characteristics.
(A and B denote the start and completion of vortex breakdown,
respectively.) At & > 0.40, where the circular cross-sectional
body promotes breakdown (Figs. 1 and 4), the pitch-rate-in-
duced positive camber effect” during the upstroke (Fig. 12a)
can delay vortex breakdown to occur as much as A&z = 0.30
behind the static location (Fig. 11a). However, the effect de-
creases rapidly when &, approaches 40% chord, where the
pitch-rate-induced positive camber (Fig. 12a) has to compete
with the positive camber effect generated by the centerbody at
£ < 0.40 (Figs. 1 and 6). Conversely, during the downstroke
(Fig. 11b), the pitch-rate-induced promotion of the occurrence
of vortex breakdown on the wing™ increases as £, approaches
40% chord, where the pitch-rate-induced negative camber ef-
fect (Figs. 5b and 12b) no longer has to compete with the
breakdown-promoting negative camber effect of the cylindrical
cross-sectional afterbody (Figs. 1, 3, and 7).

The complex vortex breakdown aerodynamics for a pure
delta wing are becoming significantly more complicated
through the strong fuselage-induced effects discussed earlier.
The silver lining of this problem is that the potential to delay
vortex breakdown through careful fuselage design provides a
powerful tool for improvement of the high-alpha performance
of aircraft with delta wings. The fuselage shape of the tested
model (Fig. 1), not specifically chosen for such a reason, still

appears to be at least as powerful in delaying vortex break-
down as a 12-deg deflected apex flap of 45% chordwise extent’
(Fig. 8).

The effects of a noncylindrical centerbody discussed earlier
must be added to those discussed in Ref. 25 for cylindrical
geometries when considering the use of a centerbody in ground
facility tests of pure delta wings. The important task ahead is
to get the technical community to appreciate the fact that the
effect of a centerbody on delta wing vortex breakdown is any-
thing but negligible.

Conclusions

An analysis of available experimental results from tests on
delta-wing and delta-wing-body geometries has shown that a
centerbody used to accomodate high-alpha tests of pure delta
wings, as well as the fuselage on a delta-wing aircraft, can
have a profound effect on the vortex breakdown characteris-
tics, an effect that appears not to have been fully recognized
until now.
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