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Influence of Forebody Cross-Sectional Shape
on Wing Vortex-Burst Location

Robert M. Hall*
NASA Langley Research Center, Hampton, Virginia.

A water-tunnel study examining the influence of forebody cross section on the position of the wing vortex
burst was carried out in the NASA Ames-Dryden water tunnel for a 55-deg cropped delta-wing model. Two of
three cross sections investigated were chine-shaped, where the included angle of the chine was either 7.5-deg,
representing a rather small side-edge angle, or 90-deg, representing a more moderate design. The third cross sec-
tion was circular and served as a baseline for comparison. It is found that the 7.5-deg chine cross section
generated the strongest forebody vortices of the three configurations and that these strong forebody vortices in-
teracted with the main wing vortices in such a manner as to dramatically delay wing vortex-burst position at zero
sideslip. If the configuration is sideslipped, large asymmetries in wing vortex burst location may result.

Nomenclature

c =wing chord as measured along wing/fuselage
junction, 7.5 in.
=longitudinal distance forward of wing trailing
edge/fuselage junction, in.
=1lateral dimension from center of fuselage, in.
=distance above plane formed by chine edges, in.
=angle of attack, deg
=angle of sideslip, deg
nc =junction

=
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Introduction

S modern fighter aircraft are expected to maneuver to

ever higher angles of attack,!- increasing demands are
placed on the aircraft designer to account for the intense
vortex flow often generated on the leeward side of the aircraft
forebody. This vortex generation can result in difficulties such
as a destabilizing pitchup tendency or large forebody side
forces stemming from asymmetric vortex shedding. Under-
standing the isolated forebody flow, which is still a
challenge,*” is only a part of the problem. An additional
challenge is to account for the interaction between the possibly
strong forebody vortices and vortices generated by sharp-
edged delta wings.

Whereas most of the analytic and experimental work ad-
dressing the forebody problem has employed circular cross
sections, other classes of cross sections may be of interest to
the forebody designer. One such class is cross sections with
sharp edges, or chine-shaped cross sections. The present
generic study was undertaken to test two different cross sec-
tions with sharp edges and compare their characteristics to a
circular fuselage having the same planform, with particular
emphasis on the vortex-burst phenomenon.

Experimental Details
Water-Tunnel Description

The tests were performed in the Ames-Dryden water tunnel,
shown in Fig. 1. The tunnel is 15 ft high, 24 ft long, and 2 ft
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wide. The test section measures 24 X 16 in. and is 72 in. long.
The configurations were installed so that the wing plane is
parallel to the 16-in. side at =0 deg. The walls of the test sec-
tion are constructed of 2-in.-thick Plexiglas, which permits a
360-deg view of the test in progress. The test section has a door
on its side for easy access to the model and sting. The velocity
range of the water tunnel can be varied from 0.05to 1.1 ft/s but
is typically run at 0.25 ft/s. At this flow rate, the mean velocity
profile remains within 1% of the centerline velocity over the
majority of the test section with a turbulence level between 2
and 3%.

Model Description

The present test involved testing three different fuselages of
identical planform in conjunction with a 55-deg cropped delta
wing. Of the three fuselages, two had chine-shaped cross sec-
tions, while the third had a circular cross section. The plan-
form and dimensions common to all three combinations are
shown in Fig. 2. The wing was constructed of 0.050-in. alumi-
num sheet and was mounted either at the chine line or the center
of the circular section. Orifices were installed in both the bot-
tom and top surfaces of the fuselages, as well as near the leading
edge of the wing. To avoid unwanted flow features associated
with a transition from the forebody to an alternate aft-body
cross section, each fuselage was manufactured with a constant
cross section. Of course, only the fuselage forebody was ex-
posed to the flow and generated the vortex system that would
interact with the wing vortex system.

The two chine cross sections are shown in Fig. 3 and scale
with the fuselage width. The chine shown in Fig. 3a is called
the 7.5-deg chine because the total included angle at the chine
line is 7.5 deg (the upper surface makes an angle of 5 deg to the
plane of the wing, while the bottom makes an angle of 2.5 deg).
The chine shown in Fig. 3b is the 90-deg chine because its total
angle is 90 deg, 60 deg from the upper surface angle and 30 deg
from the lower surface angle. Coordinates for the cross sections
of both chines are given in Table 1.

The 7.5-deg chine cross section was chosen to be repre-
sentative of a ‘‘sharp’’ chine edge, while the 90-deg chine was
to represent a more moderate design. The circular cross sec-
tion was selected as a baseline configuration to which com-
parisons can be made.

Data Acquisition and Procedure

Videotape as well as 35-mm slide film was used during the
test program. Since the vortex-burst locations, which are the
emphasis of this report, were found to be somewhat unsteady
during the tests, the videotape record was used as the most ac-
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Table 1 Coordinates of chine cross sections?

90-deg chine 7.5-deg chine

Y 4 upper Z lower Zupper Z lower
1.000 -0.500 1.000 -0.500
0.1 0.991 —0.488 0.950 —-0.475
0.2 0.963 —0.458 0.826 —-0.413
0.3 0.914 —0.413 0.665 -0.332
0.4 0.841 -0.360 0.494 -0.247
0.5 0.746 —0.301 0.334 -0.167
0.6 0.628 -0.239 0.202 -0.101
0.7 0.491 —-0.178 0.104 —0.052
0.8 0.338 -0.117 0.043 —0.021
0.9 0.172 —~0.058 0.012 —0.006
1.0 0. 0. 0. 0.

3See Fig. 3 for coordinate definition.
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Fig. 1 Ames-Dryden water tunnel (dimensions in inches).
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Fig. 2 Planform dimensions (in.) common to all three configura-
tions.

curate and easiest means of determining vortex-burst loca-
tions. Measurements of burst locations were facilitated by a
l-in. grid laid out on the wing. Representative 35-mm
photographs, though not always as accurate in depicting burst
as the videotape, are included to illustrate the flow patterns
generated by these three fuselage/wing configurations at
various angles of attack « and sideslip 5.

The main-wing vortex-burst locations will be given in terms
of longitudinal position along the fuselage x, as measured
from the trailing-edge/fuselage junction in percent of the wing
chord c¢ along the fuselage. A value of zero represents burst
even with the trailing-edge junction, while a value of 100%
represents bursting at the wing leading-edge/fuselage junc-
tion. The repeatability of burst locations between different
runs normally fell within +0.50 in. or +7% of c.

Photographs were taken at test « of 0, 10, 15, 17.5, 20, 22.5,
25, 30, 35, 40, 45, and 50 deg. The inclusion of all these
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Fig. 3 Fuselage cross sections.

records into this paper is not possible. The reader is, however,
referred to Ref. 8 for a more complete photographic record of
this water-tunnel test. Furthermore, photographs and burst
data are shown herein only for o= 15 deg since the flow pic-
tures and vortex burst behavior for a<15 deg can be
misleading at low Reynolds numbers. A report by Erickson®
has a more complete discussion of this issue.

Results and Discussion

The photographs and summaries of vortex burst data for all
three forebody/wing configurations will be grouped by value
of sideslip, either 0 or 5§ deg. For =0 deg, the summary
vortex burst plot will follow representative photographs for all
the configurations, but for §=5 deg, a summary plot will
follow each set of configuration photographs. The circular
configuration will then be used to address possible concerns
that the present water-tunnel burst data may not be indicative
of higher Reynolds number air data.

B=0 deg

Representative planview photographs for the 7.5-deg chine,
90-deg chine, and circular forebody configurations are shown
in Figs. 4-6, respectively. A summary plot of wing-vortex
burst locations for all three configurations is given in Fig. 7.

The key features of the flow generated by the 7.5-deg chine
forebody, as seen in the photographs of Figs. 4a—4e, are 1) a
strong forebody vortex system interacting with the wing vor-
tices, 2) a slowly progressing vortex-burst position over the
wing that does not reach the leading-edge/fuselage junction
until « =45 deg, and 3) symmetric flow patterns left to right
even up to o= 50 deg. Because of the persistence of relatively
strong forebody vortices up to a=50 deg, long after one
would normally consider the main wing to be substantially
stalled, the aircraft designer needs to consider that the
associated vortex lift induced on the forebody may lead to a
pitchup problem. In fact, a pitchup problem has been
documented by Erickson and Brandon!® for a similar con-
figuration, a chine-shaped forebody on a 60-deg delta wing.

The interaction between the forebody and main wing vor-
tices for the more moderate 90-deg chine results in bursts oc-
curring closer to the leading-edge/fuselage junction than for
the 7.5-deg chine (see Fig. 7). This can be seen in the
photographs by comparing Figs. 5a and 5b, which show this
configuration at o =15 and 22.5 deg, to Figs. 4a and 4b for the
7.5-deg forebody configuration. While not as obvious in the
still photographs as in the videotape record, the forebody vor-
tices, as judged by helix angle, appear to be weaker for the
90-deg chine than for the 7.5-deg chine.

For the circular cross section, the forebody/wing vortex
system is least able to resist wing vortex burst (see Fig.7). The
forebody vortices, if they do exist, are now obviously weaker
than for either chine as evidenced by the apparent lack of
rollup of the forebody streamlines for o= 15 deg (see Fig. 6a).
The nature of the forebody streamlines and their interaction
with the wing vortex is also changed. For both chines, the
forebody streamlines, which were in obvious vortical
flowfields, wrapped around the main wing vortex before going
2.5 in. over the wing. For the circular case, the forebody
streamlines are spread into a sheet-like structure and are en-
trained into the main wing vortex over the entire wing.
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b) «a=22.5 deg.
Fig. 5 90-deg chine configuration, 8=0 deg.

In the vortex-burst summary plot, Fig. 7, the 7.5-deg chine
is more effective in delaying wing vortex burst than the 90-deg
chine when compared to the circular baseline. In the range of
a =20 deg, the 7.5-deg chine delays burst by about 40% of the
chord when compared to the circular configuration, while the
90-deg chine delays burst by about 20%. This effectiveness of
the 7.5-deg chine is evidently due to its sharper chine angle

J. AIRCRAFT

b) «=22.5 deg.
Fig. 6 Circular fuselage configuration, 8 =0 deg.

generating forebody vortices that interact more favorably with
the main wing vortices. As mentioned earlier, the 7.5-deg
chine appears to develop stronger forebody vortices, which
may explain its greater effectiveness.

That the 7.5-deg chine should generate stronger forebody
vortices than the other bodies is not surprising and can be ex-
plained by looking at the fuselage cross sections in Fig. 3. In
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Fig. 7 Wing vortex-burst locations, all configurations, §=0 deg.
Data symbols represent averages of left and right wing panels.

the progression from circular to 90-deg chine to 7.5-deg chine,
there is no discontinuity for the smooth side in the circular
case, a 90-deg slope discontinuity for the 90-deg chine, and a
172.5-deg slope discontinuity for the 7.5-deg chine. The
stronger discontinuities in slope and the associated increases in
singularity strength should lead to higher velocities ap-
proaching the point of separation and, consequently; stronger
vorticity being shed at that point. (The relationship between
velocity at the separation point and the resulting vorticity be-
ing shed is explained, for example, by Mendenhall.!! He
shows that the vorticity being generated by the boundary-layer
separation is proportional to the velocity at separation
squared.) ,

Also, in a relevant analysis of potential flow with shed vor-
tices about a rhombic cone, Nutter’? uses Smith’s model® to
examine the influence of the included side-edge wedge angle
on the strength of the shed vorticity. Nutter’s analysis rein-
forces the above reasoning with the chine angles because he
found that his smaller included wedge angles at the sides of his
rhombic cone (corresponding to the smaller chine angles)
resulted in higher amounts of total circulation about his
calculated vortices.

Assuming, therefore, that the 7.5-deg chine did indeed
gencerate the greatest amount of forebody vorticity, its greater
effectiveness in delaying wing vortex burst is similar to the
results of a study by Frink and Lamar.!* Their study involved
water-tunnel tests of a fuselage/strake/trapezoidal wing con-
figuration. The authors found that for fixed-shape strakes of
different size, the larger strakes with their greater amount of
vorticity delayed burst over the wing more effectively.

B=5 deg

Representative photographs and vortex-burst summaries for
the configurations are shown in Figs. 8-13. In two of the sum-
mary plots, the vortex burst locations for =0 deg are given
for purposes of comparison.

Flow asymmetries appear in sideslip for all the configura-
tions; however, they are the greatest for the 7.5-deg chine
(compare Figs. 9, 11, and 13). An interesting feature of the
flow on the leeward sides of both chine configurations is that
the leeward forebody and wing vortices appear to interact less
~ strongly because the vortices travel further before coalescing
when compared to either the windward sides or the 8=0 deg
cases. At the same time, however, vortex burst is delayed on
the leeward side. The windward forebody and wing vortices
are marked by strong interaction and relatively early burst
when compared to 8= 0-deg data.

Figures 8a and 8b illustrate these trends for the 7.5-deg
chine at o = 15 and 22.5 deg. The summary plot for the 7.5-deg
chine configuration at =35 deg is shown in Fig. 9. Comparing
the burst locations for 8=35 and 0 deg, it is seen that
throughout the « range the burst on the windward side moves
toward the leading-edge/fuselage junction, while the burst on
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b) «=22.5 deg.

Fig. 8 7.5-deg chine configuration, 8=5 deg.

the leeward sides moves rearward. The large differences in
burst location could cause concern for possibly unstable
values of rolling moment. While the force data published by
Erickson and Brandon'® did not find large unstable rolling
moments for their configuration without a vertical tail, this
problem of differences in burst locations during sideslip
should be scrutinized for each new chine configuration.
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Fig.9 Wing vortex-burst locations, 7.5-deg chine configuration, =5
deg. Line for 8 =0-deg burst shown for comparison.

The 90-deg chine photographs are shown in Figs. 10a and
10b. Comparing Fig. 10a for =15 deg to Fig. 5a for §=0
deg, one can again see burst locations moving toward the trail-
ing edge on the leeward side and the leading edge on the wind-
ward side. Also, the upper forebody dye lines on the windward
side are not entrained into the windward forebody vortex,
which suggests that the windward forebody vortex is either
moving downward toward the plane of the wing and/or
weakening. (Side views of the windward side were not
available for analysis.) When « is increased to 22.5 deg (Fig.
10b), the windward forebody vortex is strong enough to en-
train the dye emanating from the upper dye ports. In contrast
to the 7.5-deg chine at «=22.5 deg and 8=35 deg, the stalled
windward wing flow is crossing the fuselage to the leeward
side. The summary burst plot is shown in Fig. 11. As in the
case of the 7.5-deg chine forebody, the 90-deg chine ex-
periences large differences in burst location between the wind-
ward and leeward panels.

The corresponding sideslip photographs for the circular
cross section are shown in Figs. 12a and 12b, which show not
only the relatively weak interaction between the forebody and
wing vortices, but also the small influence that sideslip has on
burst location (see Fig. 13). The relative insensitivity to
sideslip may be due to the presence of the fuselage, which can
reduce the effective sideslip seen by the wing, as explained by
Polhamus and Sleeman.!s This reduction in effective sideslip
is due to alignment of the flow along the fuselage and should
be most important for the circular body because its relative
volume (1.00) is greater than that of either the 90-deg body
(0.60) or 7.5-deg body (0.39) and the burst points are occur-
ring relatively close to the leading-edge/fuselage junction.

Comparison of Vortex Burst Points to Air Data

In order to address possible concerns that the present water-
tunnel data at low Reynolds number may not be representative
of higher Reynolds number air results, the air data of Wentz
and Kohlman!® were chosen for comparison. Of the three
bodies tested, the circular body should be most representative
of vortex burst over a simple 55-deg delta wing without a
fuselage because of its relatively weak forebody vortices.
Figure 14a compares the burst locations and, in fact, shows
that burst at a given chord location for the Wentz and
Kohlman data occurred at angles of attack roughly 4 deg
higher than those for the water tunnel. However, there are at
least three differences between the tests that may explain these
differences in burst location. They are the presence of the
fuselage, the high blockage ratio in the water tunnel, and the
differences in Reynolds number.

The first difference can occur because the presence of the
fuselage itself changes the effective angle of attack of the main
wing due to the upwash associated with flow around the
fuselage. This effective o concept is explained by Hemsch and
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2) «=15 deg.
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b} «=22.5 deg.

Fig. 10 90-deg chine configuration, 8=35 deg.

Nielsen!” and is related to experimental a by the relation
tal’lO{eff = KW tanc (1)

where Ky, is the slender-body-theory interference factor
associated with fuselage upwash.!® A value of K, =1.118 is
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Fig. 11 Wing vortex-burst location, 90-deg chine configuration,
B =5 deg. Line for 8=0-deg burst shown for comparison.

determined from Ref. 18 using the ratio of the maximum
wingspan (10 in.) divided by the fuselage width (1.5 in.). When
plotting burst points in Fig. 14b as a function of « as corrected
by Eq. (1), it is seen that the agreement between Wentz and
Kohiman and the present data are improved.

The second difference between the present data and the
Wentz and Kohlman data occurs because of the large dif-
ferences in relative model-to-tunnel size between the two ex-
periments. For the water-tunnel tests, the model wingspan-to-
tunnel width ratio is 0.63 (typical for water-tunnel studies),
while the Wentz and Kohlman ratio is only 0.21. Calculating
approximate corrections to « due to the presence of the
sidewalls by using Ref. 19, this second correction brings the
data even closer together (see Fig. 14c).

The third difference between the data sets is in Reynolds
number. The water- and wind-tunnel Reynolds numbers based
on wing-root chord are, respectively, 1.4 x 10* and 0.6 x 106.
The questions of burst differences between a water-tunnel
study at low Reynolds numbers and a wind-tunnel study at
higher Reynolds numbers have been addressed by Lamar and
Frink® for a fuselage-strake-trapezoidal wing configuration.
They point out that while caution is in order, water-tunnel
trends can qualitatively be quite helpful. The good agreement
between the corrected circular fuselage data and the Wentz
and Kohlman data suggests that Reynolds number effects are
minimal for the circular fuselage case. Effects of Reynolds
number on fuselage separation should be less for the two chine
fuselages, at least for 8=0 deg and =20 deg, because their
sharp edges will fix the fuselage separation line. It remains to
be seen if higher Reynolds numbers will influence the vortex
burst locations for the chined configurations through tur-
bulent separation on the wing planform or through effects on
the vortex core. The general trend, however, for the sharper
chine edges to generate stronger vortices that interact with the
wing vortices and delay vortex bursting, should be the same,
independent of Reynolds numbers.

Summary of Results

It has been shown in this report that the 7.5- and 90-deg
chine-shaped forebodies can delay wing vortex-burst location
significantly when compared to a circular section forebody
that served as a baseline configuration. Summary plots of
vortex-burst location are presented that detail the o and 8
dependence of burst for each configuration and permit
configuration-to-configuration comparisons.

The 7.5-deg chine section is found to be more effective than
the 90-deg chine in delaying vortex burst. In zero sideslip, the
7.5-deg chine configuration appears to have symmetric flow
from left to right but could experience a pitchup problem at
high «. In sideslip, however, large differences between wind-
ward and leeward vortex-burst locations occur for the 7.5-deg
chine and, to a lesser extent, for the 90-deg chine. This may
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a) a=15 deg.

b) «=22.5 deg.
Fig. 12 Circular fuselage configuration, 8 =5 deg.

serve as a warning that unstable rolling moments are a
possibility with this class of forebodies.

Finally, to address concerns that this water-tunnel study
may not be representative of higher Reynolds number air data,
the o dependence of the circular-section burst data is corrected
for influences of fuselage upwash and sidewall interference.
The circular burst data are then shown to be in good agree-
ment with air data for a simple 55-deg delta wing taken by
Wentz and Kohlman.
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Fig. 14 Water and air vortex-burst locations compared (Wentz and
Kohlman data from Ref. 16).
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