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Wind-tunnel experiments are conducted on a projectile at high incidence to examine the effect of nose shapes and a

passive strake control device on the side force andyawingmoment. The studywas also aimed at gaining some insights

into the fluid mechanics of blunt-nose bodies of revolution at high angles of attack. Detailed flow visualization and

forcemeasurements are obtained on a projectile with a fineness ratio of 4 at aReynolds number of 0:19 � 106 and 42-

and 48-deg angles of attack. Off- and on-surface flow visualization records are collected to study the effects of two

blunt noses: a hemispherical nose and an elliptical nose with 33% ellipticity. It was found that the elliptical nose

results in flow behaviors typical of a blunt nose, whereas the hemispheric nose results in behaviors that are akin to a

pointed nose. An explanation for the contrasting behaviors is provided.

Nomenclature

CM = pitching-moment coefficient
Cn = yawing-moment coefficient
CY = side-force coefficient
D = maximum diameter of body of revolution
e = ellipticity of forebody
hstrake = deployment height of aftbody strake
L = body length
Lrb = length of recirculation bubble
Lstrake = length of aftbody strake
M = freestream Mach number
Re = Reynolds number based on D and U
U = freestream velocity
x = distance from nose apex
� = angle of attack, deg
�AV = onset angle of attack of asymmetric vortices, deg
�SV = onset angle of attack of symmetric vortices, deg
�UV = onset angle of attack of unsteady vortices, deg
� = sideslip angle, deg
� = azimuthal strake location relative to windward

meridian, pilot’s view, deg
�A = forebody apex half-angle, deg

I. Introduction

T HE design and operation of current missiles, projectiles, and
aircraft often requires them to operate and performmaneuvers at

high angles of attack. It has been long recognized that at high angles
of attack, slender bodies encounter separation and vortex-induced
yaw caused by asymmetric vortex shedding even at �� 0 deg.

These large side forces generate large phantom yawingmoments and
are of a great concern, because their induced yawingmoments can be
an order of magnitude larger than the available control obtained from
full rudder deflection [1]. Over the years, extensive research has been
conducted for the control of forebody flow asymmetries at high
incidence using different types of forebody control devices, and
results have shown that a projectile’s maneuvering performance can
be greatly enhanced through proper exploitation of these forces.

Slender bodies of revolution advance through four distinct flow
regimes when they are pitched from 0 to 90 deg, in which each
subsequent flow regime reflects the diminishing influence of the
axial-flow component [1]. Figure 1, reproduced from [1], illustrates
the effect of angle of attack on the leeside flowfield. The axial-flow
component dominates at low angles of attack (0 � � � �SV) and the
flow is attached, whereas crossflow effects cause a thickening of the
boundary layer on the leeside. It is important to mention that if the
nose is blunt, the so-called nose-induced separation of the axial flow
will take place as described by Ericsson and Reding [2]. This closed-
type flow separation, which is often associated with standing,
tornadolike, vortices [3], creates reattaching flow on the aftbody,
which subsequently delays the development of open-type flow
separation on the aftbody with accompanying body vortices [4]. For
intermediate angles of attack (�SV � � � �AV), the crossflow
separates and rolls up into a symmetric vortex pair. At higher angles
of attack (�AV � � � �UV), asymmetric flow separation occurs and a
side force and yawingmoment are generated at zero sideslip. At very
high angles of attack (�UV � � � 90 deg), the axial component is
greatly diminished and flow separation and vortex shedding become
unsteady, starting on the aftbody and advancing toward the nosewith
increasing angle of attack. At this very high angle of attack, the
leeside flow resembles the wake of a two-dimensional cylinder
normal to the flow.

Another fundamental phenomenon over slender bodies is that
there are two different types of steady asymmetric vortex shedding.
The first type occurs on pointed bodies in which the vortex
asymmetry, and thus the side force, tends to commence at the nose.
With this type of vortex shedding, vortices are shed at a relatively fast
rate to give alternating side-force cells on long slender bodies [5,6].
The second type of vortex shedding occurs when a slight amount of
nose bluntness, sometimes as little as 6%, is applied to the nose. In
this vortex shedding regime, asymmetric vortices develop initially at
the rear of the body, and the alternating vortex shedding does not
occur as readily. This implies that large side-force cells can cover the
entire cylindrical aftbody.
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Some researchers have shown that asymmetric vortices generated
by a slender forebody are not affected by the aftbody vortices
initially. Keener et al. [7] demonstrated this premise, showing that
the cylindrical aftbody has no effect on the side force generated on
the pointed ogive nose. In contrast, Montividas et al. [8] showed that
the aspect ratio of a slender body has a significant effect on the flow
regime developed at high angles of attack. Figure 2, reproduced from
[8], shows visualizations at �� 50 deg for a slender body with an
aspect ratio L=D� 10:3 and 32. The smaller aspect ratio showed a
flow pattern with an asymmetric separation of a steady longitudinal
vortex, whereas the larger aspect ratio produced a flowfield that
included asymmetric separation of tip vortices, an unsteady flow
regime, and vortex shedding on the aftbody.

The present work is aimed at gaining insight into the effect of nose
geometry on the baseline flowfield and control of vortices at high
incidence on a short blunt-nose projectile. The projectile examined is
part of a novel countermeasure defense concept designated as
destructive expendable (DEX) [9–15]. Detailed off- and on- surface
flow visualizations will be presented, in addition to force
measurements. A vast amount of research in the field of high-alpha
control, asymmetric flow control, and side-force alleviation can be
found in the literature for pointed and ogive bodies, but a relatively
smallfield of research has been conducted on short blunt bodies, such
as the model discussed herein.

II. Background

In 1951, Allen and Perkins [16] were the first researchers to note
the presence of asymmetric vortex flow behind an axisymmetric
body at high angles of attack. Allen and Perkins [17] introduced a
breakthrough paper discussing the use of an “impulsive cross-flow
analogy” to allow for viscous effects on the force and moment
characteristics of bodies of revolution that is still the basis formodern
aerodynamic prediction tools for slender bodies. Peake et al. [18]
discussed that vortex asymmetry was initially influenced by
conditions at the pointed nose andMachnumber, and once it started it
was influenced by the afterbody length. They also indicated that
increasing the Reynolds number seemed to delay the onset of
asymmetry.

Lamont and Hunt [19] conducted detailed investigations of the
pressure and force distribution of bodies of revolution at high
incidence and found large out-of-plane forces. They also showed that
the measured value of side forces and level of unsteadiness can vary

with roll angle. Rao [20] had early success in suppressing side forces
at high incidence by mounting a pair of helical trips on pointed
forebodies. Ericsson and Reding [21,22] assessed that small nose
bluntness, nose booms, nose strakes, or body trips could be used
effectively on a pointed slender body to reduce vortex-induced
asymmetric loads. Later, Ericsson and Reding [23] pointed out the
detrimental and dangerous effects that a coupling of the vehicle
motion and asymmetric vortex shedding could have on the rigid and
elastic response of long slender bodies.

Brandon and Nguyen [24] conducted experiments on a generic
airplane model and showed that forebody cross-sectional shape and
fineness ratio, among other factors, can strongly affect both static and
dynamic (roll) stability at high incidence. In the same year, Ericsson
[25] presented a breakthrough paper on the moving wall effects on
boundary-layer transition and separation that added to the
understanding of high-alpha unsteady flows. Ward and Katz [26]
conducted flow visualization experiments on an inclined ogive nose
cone and demonstrated that the lee structure was asymmetric
throughout themodel andwas dominated by continuously generated,
multiple, large-scale flow structures. Degani and Schiff [27] and
Degani [28] were the first to successfully numerically simulate the
marked asymmetry that occurred experimentally on slender bodies
of revolution at high angles of attack. Zilliac et al. [29] studied an
inclined ogive cylinder and concluded that microvariations in the tip
geometry have a large influence on the downstream development of
the flowfield. Luo et al. [30] examined a sharp-nose ogive cylinder
and an elliptic-tip ogive cylinder and showed that the elliptic tip
produced more predictable side forces with different roll angles than
the sharp ogive tip. Lua et al. [31] used circular trips and helical
grooves on a tangent ogive nose cylinder and discovered that the
circular trips were more effective in reducing side forces at high
angles of attack.

Fig. 1 Effect of angle of attack on leeside flowfield (reproduced from

[1]).

Fig. 2 Effect of aspect ratio on the flow regime at �� 50 deg
(reproduced from [8]).
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Hsieh [3] conducted early supersonic investigations on the flow
over a hemisphere cylinder at incidence and showed that two
separation regions, the nose separation bubble and the crossflow
separation zone, could exist simultaneously at intermediate
incidence. Later, Hsieh and Wang [32] used thin-layer Navier–
Stokes solutions to simulate incompressible laminar flow over a
hemisphere cylinder at incidence. Numerical simulations were
conducted by assuming a symmetrical flow with respect to the
pitching plane. Results showed complex separated flow structures,
particularly close to the nose, and a number of intricate structural
characteristics unique to three-dimensional flows. Hoang et al. [33]
investigated a hemisphere cylinder at low Reynolds numbers and
incidences up to �� 45 deg. They documented the appearance of
nose vortex rings and horn vortices, and they observed a symmetric
flowfield. Further studies were conducted by Hoang et al. [34] on a
hemisphere cylinder at incidences up to�� 30 deg for intermediate
to high Reynolds numbers. They found that at low incidences the
separation bubble takes the form of a ring, but as the incidence
increases it becomes an isolated bubble. The authors discussed that
the nose structures are not connected with the separation lines that
give rise to the vortical structures over the aftbody region. Kumar
et al. [35] recently examined slender cones at high incidence. They
showed that the onset of vortex asymmetry with nose-blunting
correlates with geometrical parameters and is practically
independent of Reynolds number.

Fidler [36] used active control of asymmetric vortices by rotating
the nose, nose tip, and a band of the surface just aft of the nose on a
pointed slender body at high angle of attack. Malcom et al. [37]
manipulated forebody vortices to produce controlled yawing
moments at high incidence on a generic fighter model. They used
individually controlled forebody tip strakes with controlled blowing
ports on the forebody to generate controlled yawing moments. Ng
[38] and Stahl [39] used a single strake to suppress the vortex
asymmetry on bodies of revolution, but Ng [38] showed that the
small region close to the apex of the nose was the region of
importance for control of vortex asymmetries. Ng and Malcom
[40,41] used a rotatable miniature nose-tip strake and blowing and
suction to produce controlled yawing moments on an F/A-18 model.
Modi et al. [42] showed that delta strakes used as add-on tip devices
could reduce side forces by over 95% for high incidences on a conical
pointed forebody. Chen et al. [43] used nose-boom strakes on an F-
16model as an effective way of controlling forebody vortices at high
angles of attack. Viswanath [44] studied different elliptic cones and
showed that higher maximum side forces were obtained for a
horizontal ellipse than for a vertical ellipse. Hodgkin andWood [45]
used tangential blowing on a generic fightermodel to show increased
yaw control above �� 60 deg. A recent study by Patel et al. [46]
developed a closed-loop flow control system for missile yaw
stabilization and enhanced maneuverability. Dynamic experiments
successfully demonstrated the ability of their closed-loop system to
generate and maintain a range of desired yawing moments during
high-alpha pitch sweeps. Leu et al. [47] incorporated flexible
microballoon actuators in a slender cone cylinder and significantly
reduced the side forces for some conditions.

III. Background: Source of Vortex Asymmetry
at High Angles of Attack

In the aeronautical field, there have been several proposed source
(s) of vortex asymmetry at high angles of attack. In 1971, Pick [48]
speculated that large side forces and dynamic out-of-plane forces
occurred at high angles of attack due to microasymmetries and
geometrical imperfections near the nose. This premise would hint
toward a boundary-layer-induced asymmetry in/near the location of
flow separation, which would in turn cause an asymmetry in the
vortex flowfield. This view can be supported by several experimental
results. Investigations by Dexter and Hunt [49], Lamont [50], and
Yanta andWardlaw [51] presented detailed experiments showing the
effect of roll angle on the flowfield and measured side forces. These
studies showed that small changes in the roll angle of the nose/tip
produced drastic changes in the asymmetric vortex pattern and

measured side forces. Later, Zilliac et al. [29] assessed that the
accumulation of dust on the tip region was enough to produce great
changes in side-force variations.

In 1977, Keener and Chapman [52] suggested that the cause of
vortex asymmetry is a hydrodynamic (inviscid) instability in the
vortex flowfield that results from “the crowding together of the
vortices as the apex angle is decreased.” They indicated that “vortex
crowding” occurs until the vortex pairs become unstable. At this
moment, one of the vortices will slide up over the other vortex, hence
inducing an asymmetric vortex flowfield. This hypothesis is
supported to a certain degree by some experimental results, such as
Keener and Chapman [53]. They found an estimation of the onset of
vortex asymmetry on a pointed nose using the semi-apex angle and
given by �AV � a�A. On the other hand, this postulated source of
asymmetry (hydrodynamic instability) cannot be used to
satisfactorily explain the large and dramatic changes in the side
force and flowfield that occur with small changes in the tip/nose roll
angle.

More recently, Degani and Schiff [27] and Degani [28] conducted
Navier–Stokes simulations to successfully simulate the marked
asymmetry that occurred experimentally on slender bodies of
revolution at high angles of attack. They suggested that the source of
asymmetry was a convective instability of the symmetric vortices.
This conjecture could help explain the effect of different tip/nose roll
angles on the measured side forces and flowfield. It is possible that
different asymmetric vortex patterns could be produced by
microasymmetries and geometrical imperfections near the nose as it
is rotated. However, the convective instability premise cannot
explain why the onset angle of attack varies with the nose-tip semi-
apex angle or the reason for the existence of symmetric vortex pairs
when the angle of attack is lower than the onset angle. Ng [38]
showed that the small region close to the apex of the nose was the
region of importance for control of vortex asymmetries. Ng also
proposed that nose-blunting has the same effect of reducing the
asymmetry as a strake, but with a different operating principle. The
author indicated that blunting increased the distance between the two
vortices.

IV. Characteristics of DEX

The basic premise of the DEX concept is that a small rocket-
powered projectile is dispensed froman onboardflare dispenser upon
detection of an incoming missile by the aircraft’s warning system.
The DEX is then maneuvered to engage and destroy the incoming
enemy threat. Because of the high launch angles, the DEX can be
subjected to large side forces as a result of forebody flow
asymmetries, which can cause the projectile to spin out of control.
Patel et al. [9] conducted a series of experimental and numerical
investigations on optimizing the DEX design. They discussed two
nose shapes: a hemispherical nose (hereafter, hemi-DEX) and an
elliptical nose with an ellipticity of 0.33 (hereafter, e0:33-DEX).
Results show that the forebody shape has a strong influence on the
projectile’s stability, and the effect of a forebody control device
(strake) is dependent on the shape of the forebody.

One of the key characteristics of the DEX models is that both
have a blunted nose that is not expected to produce a significant
streamwise vortex pair, regardless of the angle of attack. The
cylindrical aftbody is therefore the sole source of streamwise
vortices. In the present case, the aftbody length is relatively short
and therefore not likely to produce the multiple vortex pairs
commonly observed on long slender bodies. As such, only a single
pair of streamwise vortices is expected to occur on the cylindrical
aftbody.

Because the noses on both models are rather blunt, significant
asymmetric natural side forces may not be expected until fairly high
angles of attack. Furthermore, the tail fins are large compared with
the body length. Thus, in addition to the asymmetric pressure on the
cylindrical body, vortex–fin interactions can be a source of side force
and yawing moment.
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V. Experimental Setup

A. Test Facility

Wind-tunnel experiments were performed at the University of
Toledo’s closed-loop circuit, single-return subsonic wind tunnel
with a test section of 0:9 � 0:9 m (3 � 3 ft). Theflow is driven by a 5-
ft-diam, 14-blade, variable-pitch fan coupled to a 150-hp electric
motor that allowed for speeds over 200 mph (89 m=s) in the test
section. The tunnel is equipped with a C-strut model support and an
automated turntable driven by an electric motor that allows for
remote model positioning. By rotating the turntable, the angle of
attack of the model can be varied up to 72 deg, and by sliding the
model along the C-strut, the sideslip angle can be varied up to 56 deg
without considerable interference of the C-strut or side walls on the
upstream flowfield due to proximity effects.

Two-tempered glass sidewalls and a large Plexiglas window on
the ceiling provided convenient access for flow visualization from
different angles. The flow in the test section was uniform, with a
turbulence level of 0.2% outside of the wall boundary layers. The
tunnel is equipped with a five-component internal sting mount
(balance) that allows for measurements of rolling, pitching, and
yawing moments and normal and side forces. The sting was
integrated with a custom-developed LabVIEW program that
monitors test section conditions and measurements from the sting
balance. Moment and force measurements were taken using a
National Instruments SCXI unit integrated with a 4-Hz low-pass
filter.

The facility is equipped with a 30-mW portable laser that is
mounted on a Rhino three-degree-of-freedom traversing mechanism
that allows the accurate positioning of the laser for laser-sheet
visualizations. The smoke supplied to the test section is produced by
a RoscoDelta 3000 remote-controlled fogmachine. A reservoir-rake
delivery system has been designed and fabricated, and smoke can be
delivered in single or multiple jets through the use of a custom-made
smoke rake. The smoke rake ismounted on a two-degree-of-freedom
traversing mechanism that allows delivery of smoke to desired
locations in the test section. The tunnel is equipped with an industrial
blower that extracts smoke from the tunnel circuit.

B. Projectile Models

Figure 3 shows illustrations of the two projectiles examined: hemi-
DEX (Fig. 3a, top) and e0:33-DEX (Fig. 3a, bottom) using a large
fin-planform configuration, fin A. The only difference between the
two designs is the forebody shape. In addition, experiments were
conducted to examine the baseline (no control) flows and effects of
an aftbody control device (strake) on the side force and yawing
moments. A strake configuration optimization study was conducted
in a separate effort, and results are reported by Lopera et al. [15]. The
azimuthal and axial location of the strake for each configuration is
shown in Fig. 3b.

Photos of the models with the sting are shown in Fig. 4. The
models testedwere 150% scale versions of the original 2-in.-diam, 8-
in.-long DEX investigated by the U.S. Air Force [10–13], which
results in a 3-in.model diameter and 12-in.model length. Eachmodel
consists of four fins, and all tests were conducted with fins in a
cruciform (�) configuration. Additional wind-tunnel experiments
were conducted on both projectile (hemi and e0:33) models using a
smaller fin-planform configuration, hereafter termed fin B, to assess
the effect of smaller fins on the side forces produced by baseline
(clean body and no strakes) configurations. Figure 5 shows an
illustration for the e0:33-DEX with the fin-B configuration.
Furthermore, a configuration in which the four fins were removed
from the hemi-DEX model, a “finless” configuration, was also
examined.

C. Wind-Tunnel Experiments

The main objectives of the wind-tunnel experiments were to
1)Compare the aerodynamic forces andmoments generated on the

two baseline models (acquire CM, Cy, and Cn).

2) Conduct detailed flow visualizations for the twoDEXmodels at
angles of attack of interest.

3) Compare and quantify the effects of an aftbody strake on both
models.

Fig. 3 Shown are a) illustrations of the hemi-DEX (top) and e0:33-DEX
(bottom)models with the fin-A configuration and b) details of the passive

forebody strake (control device) used for yaw control experiments; the

fin-A configuration was used on both DEX models.
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4)Correlate theflow interactions observed fromflowvisualization
experiments with the force and moment data measured using the
force balance.

Experiments were conducted at U� 34 m=s, M� 0:1, and the
corresponding Reynolds number Re of 0:19 � 106, based on the
model diameter of 7.62 cm (3 in.). Static tests were conducted for
�� 0 to 64 deg at 2-deg increments with �� 0 deg. For all tests,
4000 samples were acquired at a sampling rate of 200 samples per
second. Accuracy of force andmoment data was verified by repeated
measurements.

Two angles of attack, �� 42 and 48 deg, were selected for both
off-and-on- surface visualizations. These cases were selected based
on force and moment measurements that show contrasting flow
behaviors at the conditions. Off-surface flow visualization
experiments were carried out using a smoke-and-laser-sheet method
at U� 8:8 m=s. These experiments were conducted at a lower
Reynolds number than the force measurement experiments so that
there was sufficient smoke density in the test section to conduct
detailed off-surface flow visualizations. On-surface flow visual-
izationswere carried out usingfluorescent oil, composed of amixture
of ZL-37 (Zyglo) and paint thinner, in conjunction with an industrial
black-light lamp. These experiments were conducted at M � 0:1,
with a corresponding U� 34 m=s.

VI. Force and Moment Results

Results are presented in the form of side-force coefficients and
yawing- and pitching-moment coefficients. Azimuthal location for
the flow effector (aftbody strake) tested is measured using a pilot’s
point of view, with �� 0 deg being the windward meridian
(stagnation point) and increasing in a counterclockwise direction.
Force and moment measurements were calculated with a reference
point 14.3 cm (5.63 in.), or 47% model length, aft of the nose apex.
Positive values for side-force and yawing-moment coefficients
indicate a rightward side force and yawing moment, whereas
negative values of side force and yawing moments indicate a
leftward side force and yawing moment. For each baseline (no
control) case, two tests were conducted and results are presented

showing the two test cases (1 and 2) for each configuration, to show
the repeatability obtained for the forces and moments measured. The
average 95%confidence levelwas�0:0118 for the pitching-moment
coefficient and �0:012 for the yawing-moment coefficient.

A. Baseline Results

Figure 6a shows results of pitching-moment coefficients for the
baseline (no strake) cases for the hemi-DEX and e0:33-DEXmodels.
The pitching-moment characteristics for both projectile configura-
tions indicate a nose-down pitch control over the entire � range
tested. The difference in the pitching-moment curves is a result of the
different forebody geometries. Because the e0:33-DEX has a larger
projected area forward of the moment reference, all else being equal,
one may expect the geometry to favor a lower overall nose-down
pitchingmoment compared with the hemi-DEX. This is borne out by
the pitching moment for e0:33-DEX showing a more gradual
increase in nose-down pitchingmoment with increasing incidence in
comparison with the hemi-DEX and by the hemi-DEX having a
larger nose-down pitch than the e0:33-DEX for � greater than
25 deg. The exception is between �� 12 and 24 deg, for which the
e0:33-DEX shows a lower nose-down moment than the hemi-DEX,
which suggests that the flow around the hemispherical nose produces
a higher local lift.

Results for side-force coefficients are shown in Fig. 6b. The hemi-
DEXmodel shows significant asymmetric side forces from�� 34 to
60 deg. The side force switches from a rightward (positive) force at
42 deg to a leftward (negative) force at 48 deg. The e0:33-DEX
shows a small side force to the left for �� 0 to 42 deg. For �� 44 to
54 deg, the e0:33-DEX showed a small rightward force with small
oscillations. The side force increases rapidly in magnitude from
�� 54 to 64 deg. The maximum side force measured for the e0:33-
DEX was, however, 45 to 65% lower than the maximum side forces
for the hemi-DEX.

Fig. 4 Wind-tunnel picture of the hemi-DEX (left) and e0:33-DEX
(right) models with the fin-A configuration.

Fig. 5 Illustrations of the e0:33 DEX model with the fin-B

configuration.
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An estimation on the onset of aftbody vortex asymmetry can be
made using the correlation �AV � 4:2�D=L� [54], which gives a
value of approximately 60 deg for the two projectile models. The
observed side-force behavior for the e0:33-DEX agrees well with
this estimation. On the other hand, with the onset of asymmetry at
�� 34 deg, the hemi-DEX exhibits a behavior that is more akin to a
pointed-nose body. An estimation of the onset of vortex asymmetry
on a pointed nose is given by �AV � 2�A [53,55]. The measured �AV
for the hemi-DEX is 34 deg, which gives an effective �A of 17 deg.
Also of interest is the diminishing of the asymmetric side force for the
hemi-DEXat around�� 60 deg, which is exactly opposite from the
expectation for a blunt-nose body. The disappearance of an
asymmetric side force at high angles of attack on a pointed body is
most often a result of the advancement of vortex breakdown. In
summary, the hemi-DEX behaves more like a pointed-nose body
than a blunt-nose body.

B. Effect of Fins on Side Force

Results for side-force coefficients for baseline cases showed that
the hemi-DEX model generated large side forces that switched
direction (rightward side force to leftward side force) at �� 42 and
48 deg. In contrast, the e0:33-DEX model did not show this trend in
side-force direction reversal. To assess the effect of fins on the side
forces produced by the projectile models, experiments were
conducted using a smaller fin planform, fin B. Figure 7 shows side-
force coefficients for both projectile models using a smaller fin
planform, fin B. Results show that a large rightward side force is
produced by the hemi-DEX model at �� 40 deg, and it switches
direction to a leftward side force at �� 46 deg. The magnitude of
the side forces produced at these two angles of attack is almost
identical, but opposite in direction. The e0:33-DEX model shows
nearly negligible side forces up to �� 56 deg. These results shows
that the large side forces produced on the hemi-DEX model persist
even with a significantly smaller fin-planform configuration, and the
smaller fin size has the effect of precipitating the onset of large out-
of-plane forces by a 2-deg angle of attack. Results for the e0:33-DEX
model follow a similar trend for both fin configurations, with the
appearance of a large side force at �� 56 deg.

After reviewing results for both DEX models and fin
configurations, a further investigation of a hemi-DEX model with
a finless configuration (all four fins were removed) was conducted
and results are shown in Fig. 8. Results show the persistence of a
large rightward side force that reverses direction to a leftward side
force at �� 42 and 50 deg. The rightward side force measured at
�� 42 deg is approximately 50% higher than the leftward side
force measured at �� 50 deg, but both side forces are large in
magnitude (CY >�j1j). This result would indicate that the large side
forces previously measured on the hemi-DEX model are produced
mainly by the hemispherical forebody, and there is little fin
interaction with the leeward vortices affecting the produced side
forces. For the three hemi-DEX configurations examined (fin A, fin
B, and finless), the � and direction of the maximum measured side
forces are similar, with their onset angles being within a �2- deg
angle of attack and with the same force direction reversal (rightward
to leftward). The side-force magnitude is almost identical for the
hemi-DEX with fin-A and fin-B configurations and has a bias to a
larger rightward side force for the finless configuration.

C. Yaw Control Results

Effects of an aftbody strake on the side force and yawing moment
was examined for both designs. A parametric study to optimize the
strake parameters for yaw control at high angles of attack was
performed by Lopera et al. [15]. The study revealed that the most
effective aftbody strake configuration, designated as strake B, was a
“rectangular” strength with a length of 1–in. (Lstrake=L� 0:083) and
a height of 0.5 in. (hstrake=D� 0:167). The optimum azimuthal and
axial strake locations for the e0:33-DEX was found to be 1 in.
(x=L� 0:083) aft of the nose apex and at 90 or 270 deg (i.e., right
and left meridians). For the hemi-DEX, experiments herein revealed
that the optimum strake location for the hemi-DEX was 1.4 in.

(x=L� 0:12) aft of the nose apex at the same azimuthal locations
(�� 90 or 270 deg).

Results for side-force and yawing-moment coefficients are shown
in Fig. 9. Figure 9a shows that for � greater than 42 deg, the
controlled side force achieved by a single strake on the aftbody of the
hemi-DEX is larger than for the e0:33-DEX. The maximum side
force attainable with a single strake at �� 90 or 270 deg on the hemi-
DEX was almost 50% larger than that on the e0:33-DEX under
similar conditions. For both models, the side forces obtained by a
single aftbody strake on the right meridian (�� 90 deg) were
similar inmagnitude but opposite in direction to that achieved using a
single aftbody strake on the left meridian (�� 270 deg). Figure 9b
shows the yawing-moment coefficients for baseline and control cases
for �� 30 to 64 deg. Results show that above �� 50 deg, the
effects of a single aftbody strake on the hemi-DEX produced yawing
moments 20–50% larger than with the e0:33-DEX model. It can be
seen that the yawingmoment follows the same trend as the side force.
This indicates that the center of force stays ahead of the moment
reference point through the range of angle of attack tested. In all
cases, the yawing moment maintains a proportionally high value
compared with the dropoff in the side force with increasing angles of
attack, thereby indicating a forward shift in the center of force.

VII. Flow Visualization Results

Force and moment results show significant differences between
behaviors of the hemi-DEX and e0:33-DEX projectiles at high
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Fig. 7 Side-force coefficient vs angle of attack for the baseline DEX
models atM � 0:1 and with the fin-B configuration;� values indicate a
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incidence. The baseline flows and strake-induced behaviors are
examined herein through visualizations of the flowfield using the fin-
A configuration on both projectile models. The discussions will
focus on the roles of forebody geometry and streamwise vortices.

A. Off-Surface Visualizations

1. Baseline Cases

To study the flowfield around the two projectile models, off-
surface flow visualizations were performed at �� 42 and 48 deg.
These conditions were selected based on the side-force results that
showed rather different behaviors for the two models at these angles
of attack.

Smoke-stream visualizations of the flowfield obtained at ��
48 deg are shown in Figs. 10a and 10b for the hemi-DEX and e0:33-
DEXmodels, respectively. Figure 10a shows that on the hemi-DEX,
the smoke stream separates in the leeward region from the
hemispherical nose around 70 to 80 deg (0 deg being the center axis
of the projectile and in the same plane as the horizontal fins), and the
flow reattaches downstream to create a recirculation bubble that is
between 2 (Lrb=L� 0:167) and 2.5 in. long (Lrb=L� 0:208). In
contrast, Fig. 10b shows that on the e0:33-DEX, the smoke stream
separates from the surface in front of the elliptical nose and the flow
does not reattach to create a recirculation bubble. Also seen are a
steady vortex pair shedding off the cylindrical aftbody, and at
�� 48 deg, the core of the vortices appears to have just cleared the
top of the vertical tail fin.

Laser-sheet visualizations were conducted for the hemi-DEX and
e0:33-DEX projectiles at five different cross-sectional stations along
the length of the model. Figure 11 shows the locations of the laser-
sheet cross-sectional stations. Location 1 was a cross-sectional plane

located at 0.5 in. (x=L� 0:042) aft of the nose apex, location 2was at
1.5 in. (x=L� 0:13), location 3 was at 2.5 in. (x=L� 0:21),
location 4 was at 4 in. (x=L� 0:33), and location 5 was at 5 in.
(x=L� 0:42). Representative results of the flowfield for both
projectile models are discussed.

Figure 12 shows visualizations at different laser-sheet cross
sections for the hemi-DEX model at �� 42 deg. Side-force
measurements acquired at 42 deg indicate the presence of a large
rightward (positive) side force of the model. Figure 12a shows a
distinct separated flow region at station 2 (x=L� 0:13).
Furthermore, below the separated flow region, the outline of two
vortices (sketched in Fig. 12a) can be observed on the leeward
surface. At station 5 (x=L� 0:42), Fig. 12b shows two well-defined
counter-rotating vortices rolling off the leeward surface of the hemi-
DEX. This image shows that the vortices are fairly symmetric. One
would expect, based on the side-force results at �� 42 deg, that the
right vortex would be closer to the body and the left vortex would be
either weaker than the right vortex or that it would be positioned
farther away from the leeward surface than the right vortex. These
expected vortex patterns are not clearly visible in Fig. 12b.

At �� 48 deg, side-force measurements showed a large leftward
(negative) side force for the hemi-DEX. Figure 13 shows laser-sheet
visualization for the hemi-DEX at �� 48 deg. At station 2, Fig. 13a
shows that there is still a distinct separated region in the front portion
of the hemi-DEX. Concurrently, a pair of vortices is observed over
the leeward surface below the separated region. The outline of the
vortices is sketched in the figure. The vortices are well-separated
from each other and are lifted off the leeward surface a significant

2.0

3.0

4.0 Hemi-DEX e0.33-DEX
Hemi-B-90-1.4" Hemi-B-270-1.4"
e0.33-B-90-1" e0.33-B-270-1"

-1.0

0.0

1.0CY

-3.0

-2.0

0 10 20 30 40 50 60 70
α

a)

2.0

3.0

4.0

Hemi-DEX e0.33-DEX
Hemi-B-90-1.4" Hemi-B-270-1.4"
e0.33-B-90-1" e0.33-B-270-1"

-1.0

0.0

1.0
Cn

-3.0

-2.0

30 35 40 45 50 55 60 65 70

α

b)
Fig. 9 Effect of different aftbody strake patterns on the DEXmodels at
M � 0:1 and with the fin-A configuration: a) side-force coefficient vs
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Fig. 10 Smoke-stream visualizations at �� 48 deg, �� 0 deg,
U � 8:8 m=s, and with the fin-A configuration: a) hemi-DEX and

b) e0:33-DEX.
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distance. On the hemi-DEX aftbody, Fig. 13b shows that at station 5
(x=L� 0:42), the left vortex stays close to the leeward surface,
whereas the right vortex can be seen to lift above the left vortex and
away from the leeward surface. The vortex pattern correlates well
with the large leftward (negative) side force measured (see Fig. 6b).

Laser-sheet visualizations of the e0:33-DEX model are presented
in Figs. 14 and 15. At �� 42 deg, side-force measurements showed
negligible effects, which would indicate that the flowfield, including
the vortex pair, of the leeward region of the e0:33-DEX is mostly
symmetric. Figure 14 shows a laser-sheet cross section of the e0:33-
DEX model at �� 42 deg. These images show a pair of counter-
rotating vortices over the leeward region of the model. The two
counter-rotating vortices are significantly closer to the leeward
surface than those observed on the hemi-DEX. The vortices over the
e0:33-DEX are also more closely spaced compared with the hemi-
DEX vortices, and the vortex core is not as well-defined and the
circulation is not as strong as that observed on the hemi-DEX.
Another noticeable trend is that the vortex pair is symmetric,

indicating that the left- and right-side vortices do not produce a
significant net side force, which correlates well with acquired static
side-force measurements. Furthermore, a comparison of the cross
sections at station 2 (x=L� 0:13) for both models at �� 42 deg,
shown in Figs. 12a and 14a, illustrate some important physical
differences. Figure 12a shows a separated region that is very defined,
which is consistent with the recirculation bubble observed for the

Fig. 11 Cross-sectional stations used for laser-sheet visualizations of
the fin-A configuration.

Fig. 12 Laser-sheet visualizations for the hemi-DEX model at

�� 42 deg,�� 0 deg,U � 8:8 m=s, andwith the fin-A configuration:

a) station 2 (x=L� 0:13) and b) station 5 (x=L� 0:42); pilot’s point of
view.

Fig. 13 Laser-sheet visualizations for the hemi-DEX model at
�� 48 deg,�� 0 deg,U � 8:8 m=s, andwith the fin-A configuration:

a) station 2 (x=L� 0:13) and b) station 5 (x=L� 0:42); pilot’s point of
view.

Fig. 14 Laser-sheet visualizations for the e0:33-DEX model at

�� 42 deg,�� 0 deg,U � 8:8 m=s, andwith the fin-A configuration:

a) station 2 (x=L� 0:13), b) station 3 (x=L� 0:21), c) station 4

(x=L� 0:33), and d) station 5 (x=L� 0:42); pilot’s point of view.

Fig. 15 Laser-sheet visualizations for the e0:33-DEX model at

�� 48 deg,�� 0 deg,U � 8:8 m=s, andwith the fin-A configuration:
a) station 2 (x=L� 0:13), b) station 3 (x=L� 0:21), c) station 4

(x=L� 0:33), and d) station 5 (x=L� 0:42); pilot’s point of view.

LOPERA ET AL. 1913



hemi-DEX model in Fig. 10a. In contrast, a cross section of the
e0:33-DEX, shown in Fig. 14a, depicts a large blurred region in
which no clear recirculation pattern can be identified, and traces of a
pair of counter-rotating vortices are faintly distinguishable over the
leeward surface. The result shown in Fig. 14a is consistent with the
separated flow (mostly dead air) region behind the elliptical forebody
shown in Fig. 10b.

Side-force measurements for the e0:33-DEX model at ��
48 deg show a very small rightward (positive) side force. Laser-
sheet cross sections of the elliptical DEX model at �� 48 are
presented in Fig. 15. Visualizations obtained at �� 48 deg show
trends similar to those observed for the e0:33-DEX at �� 42 deg.
Figures 15b and 15c show a pair of counter-rotating vortices over the
leeward surface of the model that are fairly close to the leeward
surface, and the spacing distance between the two vortices is
substantially smaller than that of the vortices on the hemi-DEX
model. This vortex pair seems to be symmetric, with the left- and
right-side vortices being the same distance away from the leeward
surface. The vortex cores are not easily distinguishable, as was the
case on the hemi-DEX model. By comparing the cross-sectional
views from station 2, one can distinguish the large difference in
separation patterns behind the two different forebodies examined.
Figure 13a shows a well-defined separated region, which is
consistent with the smoke-stream visualization shown in Fig. 10a
that shows a recirculation bubble behind the hemispherical forebody.
In contrast, Fig. 15a shows a separated region for the e0:33-DEX that
is not as clear and well-defined as for the hemi-DEX, and the outline
of two leeward vortices is very close to the surface. The outer region
of blurred and disorganized flow is consistent with smoke-stream
visualization presented in Fig. 10b at the same incidence.

2. Yaw Control Cases

The effect of an aftbody strake on the yaw control and theflowfield
around the two projectile models is examined. The same five cross-
sectional stations shown in Fig. 11 were used for flow visualization.
Side-force and yawing-moment coefficients induced by a strake at
�� 48 deg on both DEX models were previously discussed.
Figure 16 shows different laser-sheet visualizations for the hemi-
DEXmodel, with a strake mounted at �� 270 deg for �� 48 deg.
Figure 16a shows the separated flow over the strake that distorts the
recirculation bubble over the nose. The separatedflow forms a vortex
over the strake. The strake vortex serves as an initiation for the main
left vortex and induces the left vortex to lift off and separate from the
surface. Correspondingly, the right vortex moves from its natural
(uncontrolled) position toward the leeward surface. At stations 5
(x=L� 0:42), Fig. 16b shows that the left vortex (strake side) is
substantially farther from the surface than is the right vortex. Side-
force measurements, for which a strake placed on the left meridian
generated a large side force to the right side for the hemi-DEXmodel
for � > 20 deg, correlate well with these visualizations.

Laser-sheet visualizations of the e0:33-DEX model with a single
strake placed in the left meridian, �� 270 deg, are shown in Fig. 17.
Behaviors of the flow are similar to those of the hemi-DEX. Even
though the hemi-DEX flow appears to have a somewhat better

defined vortex core than the e0:33-DEX, the two controlled flows
show a significantly lower level of difference between them
compared with that between the baseline flows.

B. Surface Visualizations

Surface visualizations were conducted for both projectile baseline
models at �� 42 and 48 deg using the fin-A configuration. Surface
visualizations were conducted from three views: 1) top view, 2) left-
side view, and 3) right-side view.

1. Hemi-DEX Model

Figures 18 and 19 show surface visualization results of the hemi-
DEXmodel. Side-force results in Fig. 6b indicate that at�� 42 deg,
the hemi-DEXproduces a large rightward side force. Figures 18a and
18b show a top view of the hemi-DEX at �� 42 deg. This picture
clearly shows the three-dimensional primary separation that occurs
on the hemi-nose. A second oil line, shortly downstream of the
primary separation line but well upstream of the reattachment point
identified in Fig. 10a, can also be seen clearly. This second oil line
indicates the forebody secondary separation line. The forebody flow
reattachment point is observed well aft of the forebody secondary
separation line and is located close to the attachment point observed
for the separation bubble in Fig. 10a. Furthermore, the left-side
secondary separation line is observed to extend along the body in a
fairly straight manner, whereas the right-side secondary separation
line is closer to the leewardmeridian and in the aftbody shows awavy
pattern. The influence of the tail fins is also evident.

From the surface visualizations for the left and right sides, shown
in Figs. 18c and 18e, respectively, it can be determined that the flow
in the right side remains attached to the body up to a larger azimuthal
angle � than does the left side. This correlates well with the rightward
side forcemeasured at�� 42 deg, showing that the flow in the right
side remains attached to a significantly larger azimuthal angle than on
the left side, thereby generating a rightward side force on the model.
Figures 18c and 18d also shows the 3D primary and secondary
separations of the hemi-DEX forebody. The surface imprint of the
tertiary vortex over the cylindrical aftbody is also clearly visible.
From this imprint, it can be deduced that the primary vortex starts
forming just downstream of the hemispherical nose, causing a
distinct kink in the separations lines of the nose bubble. Of particular
interest is the apparent merging of the secondary flow of the nose and
the aftbody (tertiary) vortex. This suggests that the recirculation flow
over the nose can potentially provide a communication link between
the left and right aftbody vortices.

Surface visualizations for the hemi-DEXmodel at�� 48 deg are
shown in Fig. 19. Side-force results presented in Fig. 6b indicate that
at �� 48 deg, the hemispherical model produces a large leftward
side force. Figures 19a and 19b show the 3D separation and
reattachment over the hemi-DEX forebody. This phenomenon is also
observed in Fig. 10a as a recirculation bubble. As observed at
�� 42 deg, there is a noticeable difference in the separation
patterns on the aftbody for the left and right sides. Furthermore, there
is a small local region of recirculation on the left side behind the

Fig. 16 Laser-sheet visualizations of an aftbody strake on the hemi-

DEXmodel at�� 48 deg,�� 0 deg,U � 8:8 m=s, andwith the fin-A
configuration: a) station 2 (x=L� 0:13) and b) station 5 (x=L� 0:42);
pilot’s point of view.

Fig. 17 Laser-sheet visualizations of an aftbody strake on the e0:33-
DEXmodel at�� 48 deg,�� 0 deg,U � 8:8 m=s, and with the fin-A
configuration: a) station 2 (x=L� 0:13) and b) station 5 (x=L� 0:42);
pilot’s point of view.
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recirculation bubble (see Fig. 19a). There also appears to be less
influence from the tail fins.

Figures 19c and 19d show that there is a local recirculation region
on the left side behind the recirculation bubble over the hemi-DEX
forebody, similar to that observed in Fig. 19a. This second region of
recirculation shows strong activity and unsteadiness. In addition, the
flow in the left side of the aftbody appears to separate near the left-
side meridian. Surface visualization of the right side, shown in
Figs. 19e and 19f, shows a 3D primary separation, and a kink is also
clearly visible in the separation lines of the forebody and aftbody
flows. Of particular interest is the apparent merging of the secondary
flow of the nose and the aftbody (tertiary) vortex. As observed at
�� 42 deg, this suggests that the recirculation flow over the nose
can potentially provide a communication link between the left and
right aftbody vortices. A local recirculation region such as the one
observed on the left was not observed on the right side. The flow on
the right side of the aftbody separates some distance above the right-
side meridian. These results are somewhat conflicting because the
measured large leftward side force at�� 48 degwould indicate that
the flowwould separate later on the left side than on the right side. An
important consideration is that the side flow visualizations were

obtained with the model at a different orientation in the wind tunnel
from that for force measurements. For side-view surface
visualizations, the model was positioned at �� 42 and 48 by
sliding it along the C-strut, and for force measurements, it was
positioned by rotating the turntable and keeping it parallel to the flow
with respect to the C-strut initial orientation.

2. e0:33-DEX Model

Surface visualizations for the e0:33-DEX model are shown in
Figs. 20 and 21 for �� 42 and 48 deg, respectively. At �� 42 deg,
side-force data indicate a negligible side force. Figures 20a and 20b
show a distinct primary separation line and traces of oil accumulation
behind it, which are interpreted as an imprint of the aftbody vortex. In
addition, the oil streakline patterns in the leeward surface appear to be
mostly symmetric, as expected for a case with negligible side force.
The aftbody vortices appear to start forming just downstream of the
nose. Strong regions of flow recirculation can be observed on the left
and right sides upstream of the tail fins.

Side-force measurements for the e0:33-DEX model at ��
48 deg showed a very small side force to the right side. Figure 21a

Fig. 18 Oil-surface visualizations for the hemi-DEX model at �� 42 deg, �� 0 deg, U � 34 m=s, and with the fin-A configuration: a) top view,

b) left-side view, and c) right-side view.
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shows a distinct primary separation line and, behind it, a region of
symmetric skin-friction lines. These results are consistent with
smoke-stream visualizations at the same �, presented in Fig. 10b.
Figure 21b shows the primary separation line in front of the e0:33-
DEX nose. This separation appears to be strong and global.
Figures 21b and 21c also show some large regions of recirculation on
the left and right surfaces of the aftbody.

VIII. Vortex Breakdown Investigations

Vortex breakdown is an important practical phenomenon in
aeronautics and can sometimes limit the operating attitude of slender-
winged air vehicles. Laser-sheet flow visualizations were conducted
on both projectile models using the fin-A configuration to assess the
effect of the two blunt forebodies on vortex breakdown.
Visualizations were conducted at �� 48 deg, �� 0 deg, and
U� 8:8 m=s. Figure 22 shows the locations of the laser-sheet cross-
sectional stations examined. Location 5 was a cross-sectional plane
located at 5 in. (x=L� 0:42) aft of the nose apex, location 6 was at
5.5 in. (x=L� 0:46), location 7 was at 6 in. (x=L� 0:5), location 8

was at 6.5 in. (x=L� 0:54), location 9 was at 7 in. (x=L� 0:58), and
location 10 was at 7.5 in. from the nose apex (x=L� 0:625).

A. Hemi-DEX Model

Representative results from off-surface visualization records for
the hemi-DEX model are shown in Fig. 23. At cross-sectional
station 6 (x=L� 0:46), Fig. 23a shows that there are two distinct
counter-rotating vortices over the leeward side of the hemi-DEX.
The vortex cores for the left- and right-side vortices are well-defined.
Results for visualizations at cross-sectional stations farther aft of the
nose show a similar trend in the existence of a well-defined and
strong counter-rotating vortex pair over the leeward surface of the
hemi-DEX. At station 10 (x=L� 0:625), Fig. 23b shows that strong
vortex cores are still evident on the aftbody region close to the fins.
Furthermore, results from oil-surface visualizations conducted at
similar conditions (see Fig. 19) did not show imprints of vortex
breakdown, commonly distinguished in surface patterns as areas
with a well-defined foci and strong recirculation regions, on aftbody

Fig. 19 Oil-surface visualizations for the hemi-DEX model at �� 48 deg, �� 0 deg, U � 34 m=s, and with the fin-A configuration: a) top view,

b) left-side view, and c) right-side view.
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surface patterns. These results indicate that vortex breakdown does
not appear to occur for the hemi-DEX model at �� 48 deg.

B. e0:33-DEX Model

Representative results from off-surface visualization records for
the e0:33-DEX model are shown in Fig. 24. At cross-sectional
station 5 (x=L� 0:42), Fig. 24a shows that the vortex cores of the
pair of counter-rotating vortices over the leeward surface of the
aftbody are substantially weaker than those observed for the hemi-
DEX model and are difficult to observe. At similar conditions, the
vortex cores on the hemi-DEX leeside were clearly distinguishable
and showed a strong circulation. At cross-sectional station 9
(x=L� 0:58), shown in Fig. 24b, the two vortex cores are barely
distinguishable and are observed as slightly darker regions on the
picture. These visualization records show the lack of organized
vortex motions over the aftbody. At station 10 (x=L� 0:625),
Fig. 24c shows a region of stalled or separated flow and no clear sign
of vortex cores or a pair of counter-rotating vortices. Furthermore,
the oil-surface visualizations in Fig. 21 show that at similar flow
conditions, the surface patterns consist of strong recirculation
regions on both sides of the aftbody close to the left- and right-side
meridians. The flow behaviors share many behaviors with vortex

breakdown, but are also visibly different from the typical breakdown
of strong leading-edge vortices.

IX. Longitudinal Stability of Finless DEX Projectile

The longitudinal stability, as indicated by the pitching-moment
coefficient, of the two projectilemodels using thefin-A configuration
was previously discussed and is shown in Fig. 6a. Results show that
the e0:33-DEX is less stable than the hemi-DEX model for
� > 30 deg. Most of the nose-down pitching moment is expected to
be generated by the horizontal fins.

An additional experimentwas conducted to assess the longitudinal
stability of both DEX models using a finless configuration in which
no fins were incorporated to the projectile aftbody. Results from the
pitching-moment coefficient of a finless DEX projectile are shown in
Fig. 25. These results show, as expected, that both projectile models
are longitudinally unstable (positiveCM) when the fins are removed.
However, results show that for � 	 46 deg, the e0:33-DEX model
shows a markedly larger nose-up pitching moment than shown with
the hemi-DEX. The pitching-moment coefficient for the e0:33-DEX
model is 27 and 96% higher at �� 46 and 48 deg, respectively.
Similarly, at �� 52 deg, the pitching-moment coefficient is 138%
higher for the e0:33-DEX than for the hemi-DEX model.

Fig. 20 Oil-surface visualizations for the e0:33-DEX model at �� 42 deg, �� 0 deg, U � 34 m=s, and with the fin-A configuration: a) top view,

b) left-side view, and c) right-side view.
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Pitching-moment coefficient results for the finless DEX
configurations correlate well with the results obtained from vortex
breakdown investigations. The study showed a lack of organized
vortices over the aftbody of the e0:33-DEXmodel at �� 48 deg. In

contrast, no vortex breakdown was observed for the hemi-DEX
model when two well-defined vortex cores were observed close to
the tail fins. Vortex behaviors over the aftbody of the e0:33-DEX can
help to explain the large difference in nose-up pitching moments for
the finless DEXmodels for � 	 46 deg. Vortex breakdown over the
aftbody of the e0:33-DEX model is expected to produce a reduction

Fig. 21 Oil-surface visualizations for the e0:33-DEX model at �� 48 deg, �� 0 deg, U � 34 m=s, and with the fin-A configuration: a) top view,

b) left-side view, and c) right-side view.

Fig. 22 Cross-sectional stations used for laser-sheet visualizations for
vortex breakdown investigations; 5: x=L� 0:42, 6: x=L� 0:46, 7:

x=L� 0:5, 8: x=L� 0:54, 9: x=L� 0:58, and 10: x=L� 0:625; the fin-A
configuration was used.

Fig. 23 Laser-sheet visualizations for the hemi-DEX model at

�� 48 deg,�� 0 deg,U � 8:8 m=s, andwith the fin-A configuration:
a) station 6 (x=L� 0:46) and b) station 10 (x=L� 0:625); pilot’s point of
view.
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in the local lift, and the resultant normal force would be shifted
forward toward the nose. This in turn would lead to an increase in the
nose-up pitching moment, as observed in Figs. 6a and 25.

X. Source of Vortex Asymmetry

Side-force measurements clearly showed that the onset of vortex
asymmetry for the hemi-DEX model is �� 36 deg and for the
e0:33-DEX is �� 56 deg. As previously discussed, this shows that
the hemi-DEX exhibits a behavior that is more akin to a pointed-nose
body than to a blunt-nose body. Investigations on the effect of
different fins on the side forces produced on both projectile models
showed that there were almost negligible effects from the fins on the
production of large side forces. These results indicate that the main
contributor to earlier-than-expected onset of asymmetric forces on
the hemi-DEX was the forebody geometry.

Both projectilemodels examined have rather blunt forebodies, and
there is a large distance between the left- and right-side vortices.
Hence, the source of vortex asymmetry is not expected to be due to

vortex crowding at the tip of the nose, as was postulated by Keener
and Chapman [52].

Based on results from detailed off- and on-surface visualizations
presented earlier, Fig. 26 shows an interpretation of the flowfield
pattern of the hemi-DEX model at high angles of attack
(� 	 40 deg). One feature observed at both alpha conditions
examined is the formation of a well-defined recirculation bubble in
the front portion of the hemispherical forebody, but not in the
elliptical forebody. Inside the separation bubble, the separation
pattern indicates primary and smaller secondary forebody vortices
with opposite senses of rotation. The hemispherical shape of the
forebody results in a horseshoe vortex, as has been previously
reported by others, including that over a hemisphere cylinder at high
incidence by Wang et al. [56] based on water-tunnel visualizations.
The strong kink in the separation line on the nose region indicates that
the forebody vortex and aftbody flow begin to interact just
downstream of the nose. Oil-surface visualizations did not show a
break in the separation lines around this area, which suggests a
merging of the forebody and aftbody vortices into a single vortex
system. The forebody horseshoe vortex can potentially act as a
communication link between the left-side and right-side aftbody
vortices. This can lead to the formation of asymmetric vortices over
the hemi-DEX aftbody, such as in the case of a pointed forebody in
which the vortices are closely spaced at the nose.

Figure 27 shows an interpretation of the flowfield pattern of the
e0:33-DEX model at high angles of attack, � 	 40 deg, based on
results from detailed off- and on-surface visualizations. The e0:33-
DEX showed the onset of vortex asymmetry at �� 56 deg.
Figure 27a shows that there are well-defined primary and secondary
separation lines that are indicative of the presence of aftbody
vortices. The aftbody vortices remain close to the leeward surface of
the e0:33-DEXand do not lift off even at very high angles of attack as
it occurs on the hemi-DEX. Further back on the aftbody, there is also
a recirculation region with unsteadiness and it is indicative of a form
of mild vortex breakdown. It is possible that these results indicate
that the large side force observed above �� 55 deg for the e0:33-
DEX are due to an asymmetry in the location of vortex breakdown
rather than asymmetric liftoff. Detailed surface pressure, not
conducted during the present study, will provide a more definite
answer.

Fig. 24 Laser-sheet visualizations of the e0:33-DEX model at �� 48 deg, �� 0 deg, U � 8:8 m=s, and with the fin-A configuration: a) cross-

sectional station 5 (x=L� 0:42), b) station 9 (x=L� 0:58), and c) station 10 (x=L� 0:625); pilot’s point of view.
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XI. Conclusions

A detailed investigation aimed at studying and understanding the
flowfield around an e0:33-DEX (blunt elliptical forebody) and hemi-
DEX (blunt hemispherical forebody) was conducted. The results
show the dominant effect that the region close to the nose has on the
development and evolution of the flowfield around short blunt-nose
projectiles at high angles of attack. Some specific comments on
results are the following:

1) The observed flow behaviors of the e0:33-DEX agree well with
those expected for a blunt-nose slender body of revolution. In
contrast, the development of flow asymmetry on the hemi-DEX
exhibits characteristics of a pointed-nose body. As has been
documented in the literature on other different forebody geometries
[different elliptical ratio forebodies, pointed and ogive, and blunt
forebodies (e.g., [18,19,24,30,35,44])], because the only difference
between the two models is the nose geometry, the rather significant
differences in flow behaviors can be attributed entirely to the
difference in the nose flows.

2) Side-force measurements for the hemi-DEX model for three
different fin configurations (A, B, and finless) showed that the large
side forces and direction reversal of the forces were produced by the
hemispherical forebody and there was very little contribution from
the fins on the development of large out-of-plane forces. In addition,
the angle of attack at which the maximum side forces were produced
and reversed direction was within �2 deg for all three fin
configurations examined. The magnitude and direction of the
maximum side forces was almost identical for the hemi-DEX model

with fin configurations A and B and showed a larger rightward-
biased side force for the finless configuration.

3) The flow around the e0:33-DEX separates at the nose, with the
aftbody vortices forming shortly downstream of the nose. The
vortices are initially fairly wide apart due to the large stall region
produced by the nose, but migrate quickly toward each other as the
flow progresses downstream. The flow pattern results in the left and
right vortices remain fairly symmetric until at very high angles of
attack. It is possible that these results indicate that the large side force
observed above �� 55 deg for the e0:33-DEX are due to an
asymmetry in the location of vortex breakdown rather than
asymmetric liftoff. Detailed surface pressure, not conducted during
the present study, will provide a more definite answer.

4) The flow around the hemi-DEXnose separates and reattaches to
form a large recirculation bubble. A significant secondary flow also
develops. The aftbody vortices form shortly downstream of the nose
just as in the e0:33-DEX, but with the recirculation bubble over the
hemi-DEX nose playing a more active role in the vortex-formation
process. A horseshoe-vortex system forms over the forebody and
extends to the aftbody. The horseshoe-vortex system can act as a
communication link between the left and right vortices, thereby
causing a flow behavior similar to that of a pointed nose. The initial
trigger of vortex asymmetry can bemicroasymmetries in the nose, as
suggested by some previous studies, or a hydrodynamic instability in
the horseshoe-vortex system that is later transferred to the aftbody
flow.

5) The vortex formed over a strake acts as an initiation point for the
aftbody vortex. A sufficiently large strake can overcome the effect of

Fig. 26 Interpretation of the flowfield pattern for the hemi-DEXmodel

based on off- and on-surface visualizations at � � 40 deg, �� 0 deg,
and M � 0:1: a) top view and b) side view.

Fig. 27 Interpretation of the flowfield pattern for the e0:33-DEXmodel

based on off- and on-surface visualizations at � � 40 deg, �� 0 deg,
and M � 0:1: a) top view and b) side view.
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the nose and produce a similar control effect on either projectile
configuration.

6) Detailed laser-sheet visualizations suggest that a mild form of
vortex breakdown takes place on the aftbody region of the e0:33-
DEX model at �� 48 deg, with details of the process being
unknown at present. In contrast, visualizations show two well-
defined vortex pairs over the hemi-DEX aftbody at the same
condition. The premise of vortex breakdown on the aftbody of the
e0:33-DEXmodel is also supported by examining pitching-moment
coefficient results for a finless DEX model. Results show that the
e0:33-DEX model has a significantly larger nose-up pitching
moment at � 	 46 deg than that of the hemi-DEX model. This
decrease in longitudinal stability for the finless e0:33-DEX model
correlates well with the observed aftbody vortex breakdown.

7) For the model roll orientation examined, the side forces
produced on the e0:33-DEX model using an aftbody strake at
optimized azimuthal and axial locations are generally about 50%
lower than those produced on the hemi-DEX model under similar
conditions, and the associated yawing moments are 20–50% lower
on the e0:33-DEX than on the hemi-DEX model. These results, in
part, support the assessment that vortices over the e0:33-DEX appear
less organized visually than those over the hemispherical DEX,
although no direct measurements (surface pressure or vorticity) were
conducted.
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