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Vortex Asymmetry and Induced Side Forces on Elliptic Cones
at High Incidence
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Experimental studies were carried out investigating features of vortex asymmetry and induced side forces on
a family of three elliptic cones at subsonic speeds. Measurements of forces, moments, and surface flow visu-
alization studies were made up to an angle of attack of 45 deg over a wide range of Reynolds number. Results
show that ellipticity progressively reduces the angle of attack for the onset of side force up to an ellipticity ratio
(defined here as the ratio of major to minor axis) of 1.43, beyond which there is a reversal in this trend for
both horizontal as well as vertical orientations of the ellipse. Interestingly, the (maximum) side force magnitudes
are larger for the horizontal compared to the vertical ellipse orientation on each model. A correlation of the
angle of attack for the onset of asymmetry on pointed forebodies with elliptic cross section is suggested. These
results provide strong support to the hypothesis (often made in the literature) that inviscid mechanisms may
play a key role in triggering asymmetry of vortex flows.
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Nomenclature
reference base area, area of a circle with planform
width at the base of the elliptic cone as diameter
side area of elliptic cone
normal force coefficient, normal foTce/(q^A)
side force coefficient, side force/(q^A)
side force coefficient based on side area, side

planform width of the elliptic cone at the base
(Fig. 1)
height of the elliptic cone at the base (Fig. 1)
freestream Mach number
freestream dynamic pressure
unit Reynolds number based on freestream
conditions
Reynolds number based on freestream conditions
and D
crossflow velocity
angle of attack
angle of attack for onset of side force
ellipticity ratio, ratio of major to minor diameter
of elliptic cone
planform (nose) semiapex angle
D///, Fig. 1
roll angle
crossflow separation angle, Fig. 8

I. Introduction

T HE problem of vortex asymmetry and the associated side
forces (and yawing moments) on pointed forebodies at

high angles of attack and zero sideslip has received consid-
erable attention in the literature.1"3 Our broad knowledge of
this flow involving vortex asymmetry has been a result of
extensive experimental research on axisymmetric configura-
tions during the last 15 years, which have revealed the im-
portant parameters affecting the onset of vortex asymmetry
and the magnitude of induced side forces; the primary geo-
metrical parameters are the nose apex angle, forebody cross-
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sectional shape, and fineness ratio. Several papers in the lit-
erature have focused attention on the cause of asymmetry and
have attempted to provide explanations based largely on in-
viscid arguments.4"6 Keener and Chapman,4 by comparing
the similarities between asymmetric flows on bodies and slen-
der, sharp delta wings (which have symmetric separation lines),
suggested that asymmetry may occur due to the hydrodynamic
instability of symmetric vortex flows. Some of the recent
computational studies7"9 employing time-dependent, Reyn-
olds-averaged, thin-layer Navier-Stokes equations have at-
tempted to provide insight towards understanding this com-
plex phenomenon. Excellent reviews on the subject have been
written1"3-10"12; the problem is still intractable to modeling
and prediction, even in an engineering sense.

Since the vortex flows developing on the forebody depend
strongly on the cross-sectional shape, one can expect signif-
icant effects on vortex asymmetry and the side forces gen-
erated as well. In the context of fighter aircraft, forebody
cross section is rarely circular and perhaps not even made up
of sheared circles. Elliptic (or ellipse-like) cross sections are
relevant to both aircraft and missile applications and the as-
sociated aerodynamic benefits have been amply demon-
strated13"16; e.g., a flattened or horizontal ellipse can offer
increased directional stability under high-alpha conditions, in
addition to better normal force characteristics. Surprisingly,
the available data in the literature related to asymmetry on
forebodies (and on slender bodies) with elliptic cross section
is rather meager, despite the current technological interest15-16;
the paucity of data, in particular, with regard to Reynolds
number effects, has been stressed by Polhamus.17 The ex-
perimental studies of Keener et al. ,18 which included a tangent
ogive forebody with a 1.43:1 ellipse, showed an earlier onset
of asymmetry for both horizontal and vertical ellipse orien-
tations and side forces comparable to the axisymmetric coun-
terpart. Roos and Kegelman19 presented results of aerodyn-
amic characteristics on three forebodies up to high angles of
attack, which included a horizontal ellipse as well and a chine;
the forebody with elliptic cross section was geometrically sim-
ilar to that employed by Keener et al.18 and showed an earlier
onset compared to a circular cone of the same nose apex angle.
A recent study of Lowson and Ponton20 included two cones
with 2:1 and 3:1 ellipses, but data on the onset of asymmetry
or side forces were not reported in the paper; the authors,
based on flow visualization experiments on the cones with
horizontal ellipse orientation, pointed out that the asymmetry
was probably linked to vortex breakdown on these two bodies.
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Fig. 1 Geometric details of cone models.

The present study was motivated by the need to provide a
broad understanding of the features associated with vortex
asymmetry and side force generation on pointed forebodies
of elliptic cross section. Experiments have been performed
on three elliptic cones at subsonic speeds over a reasonable
range of Reynolds number and covering angles of attack up
to 45 deg. Results of the onset of vortex asymmetry, side
force characteristics, and surface flow features on the leeside
are discussed in detail; a correlation for the onset of vortex
asymmetry has also been suggested.

II. Experiments
Wind-tunnel tests on three elliptic cones were conducted

in the 1.2-m trisonic blowdown facility; the solid wall test
section was utilized up to a freestream Mach number of 0.4,
and for limited tests at higher Mach numbers, the transonic
(perforated) test section was used.

The geometric details of all three elliptic cones having el-
lipticity ratios s of 1.1, 1.5, and 2.0, respectively, are given
in Fig. 1. The term ellipticity ratio (ratio of major to minor
axis) is used here in a general sense to characterize a given
elliptic cone. The ratio of planform width-to-height A defines
the ellipse orientation as well (Fig. 1); A > 1 refers to a
horizontal ellipse (HE), and A < 1 refers to a vertical ellipse
(VE) orientation. The cone models, made of high-strength
steel, were fabricated on a numerically controlled milling ma-
chine and finished accurately using two-dimensional tem-
plates.

Six-component balance measurements on the models, for
both horizontal and vertical ellipse orientations, were made
using a 37.5-mm Able balance. The model incidence range
of 0-45 deg was covered in two steps; with the normal pitch
system in the range 0-25 deg and with a high alpha attachment
(having a preset incidence of 25 deg) coupled to the tunnel
pitch system to cover 20-45 deg, providing an overlap of 5
deg. Extensive surface flow visualization studies were carried
out using titanium dioxide in vacuum pump oil and oleic acid.
For each model, Reynolds number range was obtained by
varying the freestream Mach number in the range of 0.20-
0.40 and the tunnel stagnation pressure.

Uncertainty in the measured side force coefficient C5, es-
timated using the method of Kline and McClintock21 and tak-
ing into account repeatability, is given:

ACS = ±0.02Q(20:1)

III. Results and Discussion
Since the major aim of this study is on side force charac-

teristics arising from nose-induced vortex asymmetry, exper-
imental results to be presented show primarily side force var-
iations with incidence or Reynolds number for the different
models. Following Keener et al.,18 side force data (in most
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Fig. 2 Roll effects on side force: model EC2.

cases) are presented normalized by a base reference area,
which is an equivalent area of a circle with diameter equal to
the planform width at the base of the elliptic cone; however,
in some of the figures concerning Reynolds number effects,
it is found preferable to adopt a different area normalization,
as will be specified in Sec. III.D.

A. Typical Roll Effects
The importance of roll search in experimental studies of

side force characteristics of axisymmetric bodies has been
stressed in many earlier studies.2 3 For a body with elliptic
cross section, however, roll sensitivity can only be assessed
along the two planes of symmetry. Figure 2 shows such results
of side force coefficient C5 for the elliptic cone EC2 corre-
sponding to both HE and VE orientations at a unit Reynolds
number of 4.6 x 104/cm. Some differences in the side force
magnitudes do exist in the symmetry planes with the angle of
attack for the onset of side force unaffected for a given ellipse
orientation. Based on such tests, the "regular state or stable
roll" (between the symmetry planes) was identified corre-
sponding to maximum side force magnitude for each model,
and all detailed measurements were carried out at these se-
lected roll positions. For example, cp = 180 and 270 deg were
chosen as stable roll positions for model EC2 (Fig. 2), cor-
responding to horizontal and vertical ellipse orientations, re-
spectively.

B. Side Force Variation with Incidence
Typical results of side force coefficient at three values of

unit Reynolds number are displayed in Figs. 3-5; data for
the HE and VE orientations of each model are shown sep-
arately in the figures. The following observations can be made:

1) For each model, the angle of attack for the onset side
force a0 generally depends on its orientation, while being
essentially independent of Reynolds number in the range var-
ied in the experiments. However, a small effect of Reynolds
number on a0 is seen for model EC3 with VE orientation,
which is presumably due to weak crossflow separation (as
revealed by surface flow features), resulting from relatively
mild adverse pressure gradients in the crossflow plane com-
pared to models EC1 and EC2.

2) Even mild ellipticity (model EC1, Fig. 3) has the effect
of decreasing the value of a0 compared to the axisymmetric
counterpart, for which a0 is given by 20C.2-22

3) With an increase in the ellipticity, the maximum side
force levels seem to decrease progressively for both HE and
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VE orientations; a detailed discussion of this aspect, including
Reynolds number effects, is contained in Sec. III.D.

C. Onset of Vortex Asymmetry
Results of aG for the three elliptic cones in the range of

Reynolds number and subsonic Mach numbers covered in the
present tests are shown in two parts in Figs. 6 and 1 (the filled
and unfilled symbols in these figures represent data for the
horizontal and vertical ellipse orientations, respectively). The
data of Keener et al.18 and Roos and Kegelman19 on elliptic
tangent ogives have been included in Fig. 6 with the assump-
tion that the nose shape (or equivalently the streamwise cur-
vature) may have no influence on a() for a given value of e.
This assumption gets significant support from the large body
of data on a(} for axisymmetric pointed forebodies (e.g., cones,
ogives, paraboloids from different tests and tunnels), which
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Fig. 6 Effect of ellipticity on the angle of attack for onset of side force
(open and solid symbols represent vertical and horizontal ellipse ori-
entations).

correlate well with 26C (see Fig. 15a, Ref. 22); the correlation22

also suggests that geometrical model imperfections in the nose
region (associated with the normal model machining/finishing
procedures) may not affect «0.

It is interesting to note from Fig. 6 that a0 varies linearly
with the appropriate 0C, with the slope a()/0c being the same
for both orientations of a given elliptic cone. Also, the slope
shows a progressive decrease compared to the value a0/0c ~
2 known for axisymmetric pointed forebodies,2-22 indicating
clearly an earlier onset for bodies with an ellipticity ratio up
to 1.43. This initial trend of a()IOc with e is to be expected
since there is a progressively increasing departure from axi-
symmetry.

With a further increase in ellipticity ratio (e > 1.43), the
results (Fig. 7) show a reversal in trend, namely, the onset is
progressively delayed (compared to e < 1.43) for both HE
and VE orientations; further, the slopes a()/0r are different
for the two orientations of a given elliptic cone. This behavior
is not surprising, since, for a large ellipticity ratio, a qualitative
change in the crossflow features is to be expected for the two
orientations. With HE orientation, an increased aQ (even be-
yond 20C) can be expected due to the increased flattening of
the body cross section23; however, the precise limit as s —> °°
is unknown at the present time. On thin, sharp leading-edge
delta wings, recent experiments24 employing flow visualization
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studies suggest that asymmetric vortices may not occur in the
absence of vortex breakdown. With VE orientation, on the
other hand, we should expect the vertical flat plate limit with
no crossflow separation, and hence, no vortex asymmetry.

The results presented in Fig. 6 show that «0 depends pri-
marily on two geometrical parameters of the forebody, namely,
its nose semiapex angle and the ellipticity ratio, independent
of Reynolds number (in the range 3 x 105 < ReD < 5.2 x
106) and freestream Mach number up to 0.4. These obser-
vations throw some light into the possible mechanisms that

Vertical flat
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Fig. 9 Correlation of angle of attack for onset of side force on fore-
bodies of elliptic cross section (open and solid symbols represent ver-
tical and horizontal ellipse orientations).

may cause vortex asymmetry. Drawing an analogy with sub-
sonic flow past a two-dimensional elliptic cylinder, it is known
that the locations of the separation points for the two ori-
entations (major axis along and normal to the flow) at any
given Reynolds number are appreciably different because of
widely different (streamwise) adverse pressure gradients.
Similar features are observed with regard to the locations of
the crossflow primary separation lines in the symmetric vortex
flow regime on all three elliptic cones that are presented in
Fig. 8; the data correspond to a unit Reynolds number of 4.6
x 104/cm and the values of iff were obtained from surface
flow visualization studies (note that the broad, white streaks
in the photographs are due to the reflection of light from the
camera).

In essence, for a given value of ellipticity ratio (in the range
of 1-1.43), «0 depends primarily on 0C, independent of whether
the ellipse orientation is horizontal or vertical (Fig. 6). This
implies that the crossflow separation characteristics that are
viscous-dominated and appreciably different for the two ori-
entations have only a weak influence on a(). These observa-
tions lend significant support to the hypothesis (often made
in the literature) that inviscid mechanisms may play a key
role in triggering asymmetry of vortex flows.

A correlation of the angle of attack for the onset of vortex
asymmetry (or side forces), as influenced by the elliptic cross
section, is displayed in Fig. 9. With the limited data that is
available, it may be concluded that ellipticity appreciably re-
duces the onset (for both HE and VE orientations) up to a
value of £ = 1.43, beyond which an increase in the value of
a0/6c occurs for both orientations. The data indicate a signif-
icant increase in the value of a0/0c (almost three times) in the
range 0.5 < A < 0.7; this arises since crossflow separation
(essential for the occurrence of vortex asymmetry) rapidly
weakens due to the reduced circumferential adverse pressure
gradients as A —» 0. As discussed earlier, aQ/0c can be expected
to increase (even beyond a value of 2) for large values of A,
and additional data is needed to see this trend and also define
the limiting flow for A —> <».

D. Variation of Maximum Side Force with Reynolds Number
On slender bodies of circular cross section it is well known23

that Reynolds number exerts a strong influence on the leeside
flow structure, and hence, the side force generated. The max-
imum value of side force a body can generate and its depen-
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dence on Reynolds number have been of great interest,25 both
from the point of view of general understanding as well as in
design applications.

Based on all the tests on each model, the maximum (ab-
solute) value of side force generated at different Reynolds
numbers is shown plotted in Fig. 10. Results for a 10-deg
semiapex angle circular cone26 (tested in the same tunnel as
the present experiments) are included along with the data on
model EC1 in the figure for comparison. As one may expect,
the results for the mildly elliptic cone are similar to those for
the circular cone both with regard to the side force magnitude
as well as the trend with Reynolds number. Interestingly, on
the model EC2 (s = 1.5), the maximum and minimum values
°f QUax are generated for the HE and VE orientations,
respectively, in what appears to be a transitional range of
Reynolds number.2-17 The maximum side force characteristics
on the model EC3 (s = 2.0) shows reduced magnitude for
both HE and VE orientations (compared to its counterpart
on the model EC2); further, the data indicate a much weaker
dependence on Reynolds number, which is consistent with
the expected crossflow features for large s, discussed in Sec.
III.C.

Two features in the results presented earlier (Fig. 10) are
striking. First, the horizontal or flattened ellipse generates
relatively higher side force levels compared to VE orientations
(e.g., models EC2, EC3)—this aspect is further discussed
later. Second, the model EC2 with horizontal ellipse orien-
tation generates the highest side force in the transitional range
of Reynolds number. Similar trends of side force character-
istics for the elliptic tangent ogive (s = 1.43) were observed
by Keener et al.18 and were discussed by Hunt in his review.2

Both of the previous features are obviously a result of the
complex asymmetric (leeside) flow structure for the HE ori-
entation. Figure 11 presents the leeside surface flow pattern

Sec.
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N : Node
S': Half-Saddle

Crossflow
topology: sect JonAA

Primary separation

Sec. separation

Primary attachment

Surface flow pattern: plan view (HE), ReD = 1 . 5 x I06

Fig. 11 Surface flow pattern and crossflow topology on model EC2: alpha = 45 deg.
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and the associated crossflow topology for the model EC2 at
the maximum side force condition. The vortex footprints re-
veal significant asymmetry of the primary attachment line and
secondary separation lines; the side views (photographs not
shown) indicated asymmetry of primary separation lines with
A^ ~ 10 deg. This observed trend of (maximum) side force
for the HE is unexpected and surprising since asymmetry in
crossflow separation lines can be expected to be small (be-
cause of strong circumferential adverse pressure gradients for
the HE orientation), and further, the side area on which
vortex asymmetry effects can act is smaller than for the VE
orientation. The higher side force magnitude presumably re-
sults from the increased strength of crossflow vortices (as-
sociated with higher velocities along crossflow separation lines
for the HE orientation) so that even mild or weak asymmetry
in primary separation lines is amplified in terms of differential
surface pressures across the (vertical) plane of symmetry.

Reding and Ericsson25 have suggested that it may be more
appropriate to display the results of maximum side force nor-
malized by the normal force coefficient CN corresponding to
iQlmax- The data in Fig. 10 are therefore replotted in terms
of \Cs\m.JCN against ReD in Fig. 12. It may be observed that
the basic trends with Reynolds number on the three cones
are unaltered, but for a vertical shift in the side force mag-
nitude depending on the CN values.

Finally, with a view to assessing the true effect of body
cross section in the generation of maximum side force, the
side force data nondimensionalized by the appropriate side
areas (for the two orientations of the elliptic cone) are pre-
sented against Reynolds number in Fig. 13. The higher side
force levels generated by the horizontal ellipse orientation are
once again brought out clearly; further, the data (on models
EC2 and EC3) indicate rapidly diminishing effects of asym-
metry for the VE orientation for A < 0.7.

To summarize, the results of maximum side force charac-
teristics (Fig. 13) and of vortex asymmetry onset (Figs. 6 and
9) lead us to the broad conclusion that a pointed forebody
with a flattened ellipse (or ellipse-like) cross section results
in an earlier onset (in comparison with the axisymmetric coun-
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Fig. 13 Variations of (maximum) side force coefficient (based on side
area) with Reynolds number.

terpart) and generates sizeable levels of side force for A :S
1.5. In light of these results, it would appear that the aero-
dynamic benefits of the F-5 aircraft forebody13 result from its
blunt nose in planform (i.e., large Oc) leading to a significantly
delayed onset of asymmetry and excellent optimization of
forebody/wing/ LEX geometries for improved high-alpha
characteristics. An early conjecture along these lines was made
by Polhamus17 based on the limited data of Keener et al.18

E. Effect of Mach Number
Certain broad effects of Mach number on the onset of asym-

metry and maximum side force magnitudes are now reason-
ably well known in the context of forebodies with a circular
cross section.2-3 These include a delayed onset and a significant
reduction in the maximum side force generated that are linked
to crossflow compressibility effects, including the appearance
of shock waves. As stated in Sec. II, measurements at higher
speeds (in the present series of tests) were made at Mach
numbers of 0.6 and 0.8; the corresponding unit Reynolds
numbers (per cm) were 0.20 and 0.24 x 106, respectively.

Figure 14 presents results of side force coefficient on all
three models corresponding to both HE and VE orientations.
The following observations can be made with the limited data
displayed:

1) On models ECI and EC2, the values of a0 at M^ = 0.6
are essentially the same as those observed at lower speeds
(Figs. 3 and 4) for both ellipse orientations, while the onset
is slightly delayed (about 1-2 deg) at Mx = 0.8.

2) On the model EC3, on the other hand, the data for the
horizontal ellipse exhibits a significantly delayed onset with
Mach number (about 18 deg at Mx = 0.8), presumably caused
by crossflow compressibility effects; a similar, but much weaker
trend is seen for the VE orientation.

3) With regard to maximum side force magnitudes, they
are generally lower compared to the (appropriate) values
measured at lower speeds (Fig. 10).

To summarize, the general trends involving a delay in the
onset of asymmetry and reduced levels of (maximum) side



1024 VISWANATH

=0.80

45

Fig. 14 Effect of Mach number on the angle of attack for onset of
side force.

force magnitude with increase in Mach number are broadly
similar to the characteristics known for bodies of revolution.2-3

IV. Conclusions
To gain understanding of some of the main features of

vortex asymmetry and associated side forces on pointed fore-
bodies of elliptic cross section, a systematic experimental study
involving a family of three elliptic cones was undertaken.
Results show that, for both horizontal as well as vertical ori-
entations of the ellipse, ellipticity progressively reduces the
angle of attack for the onset of side force (compared to the
axisymmetric case) up to an ellipticity ratio e of 1.43, beyond
which there is a reversal in this trend; this reversal in the
vortex asymmetry onset is due to a qualitative change in the
nature of crossflow features for the two orientations for large
e. A correlation of the angle of attack for the onset of vortex
asymmetry, involving the (appropriate) planform nose semi-
apex angle and the ratio of planform width-to-height of the
ellipse A is suggested. These results provide strong support to
the hypothesis (often made in the literature) that inviscid
mechanisms may play a key role in triggering asymmetry of
vortex flows.

With regard to the maximum side force generated, it is
appreciably higher for the horizontal (compared to the ver-
tical) ellipse orientation on each model. For A > 1.43, the
trend of the available data suggests that the (maximum) side
force generated may actually decrease at the higher Reynolds
numbers, which is a desirable feature in applications. For the
vertical ellipse orientation, a drastic reduction in the (maxi-
mum) side force magnitude is observed for A < 0.70.

Finally, there is a need to generate additional data on pointed
forebodies with elliptic cross section (e.g., cones, ogives with

different values of nose apex angle, ellipticity ratio) at much
higher Reynolds numbers to assess the validity of the corre-
lation for the onset of asymmetry suggested here and to es-
tablish some of the broad trends observed with regard to the
(maximum) side force generated with Reynolds number. It is
also of significant interest to establish the limiting flow for
A-> oo.
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