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Effect of Forebody Strakes on Missile Asymmetric Vortices

Chih-Chung Yuan* and Richard M. Howard!
Naval Postgraduate School, Monterey, California 93943

Wind-tunnel tests were conducted on a l/7th-scale vertically launched surface-to-air missile model to in-
vestigate the effects of forebody strakes on the side forces and yawing moments induced by nose-generated
asymmetric vortices at high angles of attack. Test angles of attack ranged from 0 to 90 deg at a Reynolds number
of 1.15 x 105, based on the model diameter, and at a Mach number of 0.11. The four-strake forebody demon-
strated dramatic results in the elimination of yawing moments at high angles of attack. The eight-strake fore-
body showed mixed results, with three different responses over the angle-of-attack range from 45 to 75 deg. This
configuration first caused a reduction in induced yawing moment, then a violent switching, and then at very high
angles had no effect. Observations concerning the onset angles of forebody- and afterbody-generated asymmet-
ric vortices indicate that an analysis of side forces alone is insufficient to consider possible control problems for a
realistically configured missile.

Nomenclature
Cn = yawing moment coefficient, = n/(pU2

00/2)S(d)
CY = side force coefficient, = y/(pt/i/2)S
d = model body diameter, in.
/ = model length, in.
M = Mach number
n = yawing moment, in./lb
Re = Reynolds number, ^pU^d/n
5 = reference area, = •jrd1/4, in.2
C/o, = freestream velocity, ft/s
Y = side force, Ib
a = angle of attack, deg
fji = coefficient of molecular viscosity, slug/ft-h
p = air density, slug/ft3

0 =roll angle, deg

Introduction

THE recent deployment of the Vertical Launch System
(VLS) on board ships carrying surface-to-air (SAM) mis-

siles represents a major advancement in Naval weapon system
technology.1 But a characteristic of vertically launched mis-
siles is their inability to point at the target intercept point
before launch. Since the missile cannot rely on the fire-control
radar beam to guide it into its initial intercept trajectory, the
missile must be maneuvered to this flight path. Requirements
during the search and acquisition phase of the flight can place
angle-of-attack demands on the missile up to 50 deg during
pushover maneuvers.2

The existence of induced side forces and yawing moments
on slender bodies due to the formation of asymmetric vortices
at high angles of attack has been characterized by numerous
investigators.3"5 Unpredictable side forces may be generated
under certain flow conditions for a vertically launched missile,
posing a potential threat to flight stability. In 1987 a flight test
was performed on the Vertical Launch ASROC (VLA) anti-
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submarine weapon. This missile is required to perform a hard
pushover involving angles of attack up to 70 deg. During the
pushover maneuver, control of the missile was lost due to yaw-
ing moments 150% greater than measured in wind-tunnel
tests. A short time before departure, the nose cap tip became
unseated; about 0.25 s later the tip reseated itself, but the yaw-
ing moment continued and control could not be regained. The
incident was attributed to asymmetric vortex shedding.6

One viewpoint of previous work concerning the formation
of asymmetric vortices at high angles of attack is that the phe-
nomenon is extremely Reynolds-number dependent; the gener-
ation of strong side forces may occur where the body ex-
periences subcritical (laminar) vortex separation on one side
and critical separation on the other.3 Other recent work sup-
ports the proposition that the principal cause of vortex asym-
metry is a hydrodynamic instability of the inviscid flowfield.4
The vortices, increasing in strength with angle of attack and
crowding together for a sufficiently large value of nose fine-
ness ratio, apparently interact with the surrounding potential
flowfield to stabilize in a steady or quasisteady asymmetric
configuration. This hypothesis is supported by flow visualiza-
tion indicating that large asymmetries in the surface flow pat-
terns existed when laminar separation occurred over the length
of slender forebodies. Tests conducted over a range of
Reynolds numbers suggest that the hydrodynamic instability is
the stronger mechanism for producing side forces, with the se-
cond mechanism in the transitional separation regime being
fairly weak.7'8

Various forebody modifications have been tested in an at-
tempt to reduce or eliminate the induced side forces. These
changes include nose blunting and the addition of strakes,
helical trips, and surface perturbations. The effects of fore-
body modifications indicate the changes may be nonlinear; for
example, nose blunting may reduce the side force but may
trade a nose-generated vortex asymmetry for an afterbody-
generated one. The first asymmetric vortex pair forming may
be a strong pair generated by the afterbody, leading again to a
large side force.3

The addition of strakes as a forebody modification has pro-
duced results that are not always consistent and may be con-
figuration dependent. Reference 6 describes a series of tests
for the addition of 16 strakes to the nose tip of the Vertical
Launch ASROC mentioned previously. Induced yawing mo-
ments were cut in half in the high angle-of-attack range, but
below 45 deg the moments were increased over the baseline
values. For a slightly different configuration, with longer
strakes, the yawing moments were generally reduced but in-
creased rapidly beyond 70-deg angle of attack.
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Fig. 1 VLSAM model (dimensions in inches).

Fig. 2 VLSAM model.

The purpose of this paper is to study the effect of forebody
strakes on the generation of asymmetric vortices for a ship-
launched missile. Induced side forces and yawing moments
were measured for two wing-body and three forebody-strake
configurations (no-strake, four-strake, and eight-strake).
Besides the motivation to determine a simple geometric modi-
fication for avoiding possible missile control problems at high
angles of attack, the work was driven by the desire to gain a
better understanding of the formation mechanism of the
asymmetric vortices for a realistically configured missile.

Experimental Program
A wind-tunnel study of the induced side forces and yawing

moments over angles of attack up to 90 deg was performed for
a vertically launched surface-to-air missile (VLSAM) with and
without forebody strakes. Body configurations compared
were body-wings-tail at 0-deg roll angle (wings-tail in a " + "
orientation), and body-wings-tail at 45-deg roll angle (wings-
tail in an "x" orientation), as can be seen in Fig. 1. Because of
the unsteady nature of the vortical flowfield, in order to re-
solve an accurate response to the modifications, mea-
surements were recorded at 1-deg increments.

Model
The VLSAM is representative of current ship-based verti-

cally launched surface-to-air missiles. The model is of a cruci-
form tail-control missile with narrow strakes and long strake-
like dorsal wings. The model diameter is 1.75 in., the length is
22.85 in., and the ogive length-to-diameter ratio is 2.29; the
model represents approximately a 1/7-scale missile. For mini-
mum tunnel interference, the support system was constructed
to pivot the model at its approximate center for angle-of-

0.875"

0.25"-

Fig. 3a Strake geometry on ogive forebody.

Fig. 3b Four-strake forebody (with + afterbody).

Fig. 3c Eight-strake forebody (with + afterbody).

attack changes. The VLSAM was pitched in the horizontal
plane. A sketch of the model is shown in Fig. 1, and a photo-
graph of the model is shown in Fig. 2. It should be noted that a
new forebody was machined for these tests, which is not the
same forebody used in the experiments in Ref, 9.

Forces and moments were measured by an internal sting-
mounted six-component strain-gauge balance. Force and mo-
ment data were corrected for solid blockage, but no correction
was made for sting interference effects. Tail control surfaces
were fixed. Side force coefficients were referred to an area
based on the body diameter, and the diameter was used as an
additional length scale for nondimensionalizing the yawing
moments. The moment reference center was at a distance of
0.586 the length of the body measured from the nose. The six-
component balance was calibrated at the NASA Ames
Research Center before use at the Naval Postgraduate School;
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check calibrations were performed with the balance in place in
the wind tunnel.

Forebody Strakes
The strakes were designed with the intent of fixing the flow

separation location along the forebody. The strake curvature
followed the ogive nose at a height of 0.020d. The strake
thickness was 0.0143tf, and the length was 0.7 \4d. A sketch of
one strake and its location are shown in Fig. 3a.

The forebody strakes were attached in two configurations,
as shown in Figs. 3b and 3c. The four-strake forebody had the
strakes arranged in a 4- orientation. The eight-strake fore-
body consisted of the four-strake nose with four additional
strakes located symmetrically around the circumference. For
strake installation, slots were machined in the aluminum fore-
body, and the strakes were attached with epoxy. Since a single
nose roll angle was held during the experiments, a decision had
to be made about which orientation, + or ;c, would be used
for the four-strake case. The x orientation, therefore, could
not be tested in the four-strake configuration without restora-
tion of the forebody surface, which could possibly alter the
vortex behavior. Therefore, results of the four-strake x case
could not be observed.

Test Conditions
The wind tunnel used for the experiments at the Naval Post-

graduate School has a test section measuring 28 x 45 in., with
a contraction ratio of approximately 10. The ambient turbu-
lence intensity in the wind tunnel is 0.2%. Available speeds
were limited by those achievable with turbulence-generating
grids used in a related test. The Reynolds number, based on
model diameter and freestream velocity, was 1.15 x 105. This
particular Reynolds number lies in the laminar Reynolds
number range4; in the current experiment, then, one might ex-
pect the separation characteristics to be similar for both sides
of the missile body. No surface flow studies were performed to
confirm this expectation.

Obviously, full-scale Reynolds numbers cannot be matched.
Yet due to the fact that large side forces have been found to
exist in the fully laminar and fully turbulent separation
regimes,7'10 the results may nevertheless be pertinent. As noted
by Hall11 using the data of Keener4 and Lamont,7 the
Reynolds number can have a significant influence on the de-
velopment of sectional side force along the body; but the dif-
ferent pressure distributions result in similar overall maximum
side forces, as noted by Lamont7 at Reynolds numbers of 2.0
x 105 and 4.0 x 106.

A conclusion of past tests is that the maximum vortex-
induced side force remains fairly constant up to a crossflow
Mach number of about 0.4.3 The envelope of maximum
values of CY then decreases for increasing subsonic Mach
number. A typical flight Mach number for the missile push-
over maneuver is about 0.5. The experiments should provide a
bound for a possible vortex-induced yawing moment tending
to cause the missile to depart.

Results
Nose Roll Angle

The behavior of the nose-generated vortical flow has been
found by numerous investigators to be extremely sensitive to
the nose roll angle. Apparently, microasymmetries in the
ogive-nose geometry are sufficient to influence the direction of
the resulting side force, as well as its magnitude, over the
range of angles of attack. An angle-of-attack sweep at 5-deg
increments was made for nose roll angles at 45-deg incre-
ments. For these cases, the wingless body was fixed, while the
nose was rotated through the roll-angle variation. Such a pro-
cedure eliminated any effect due to body roll angle. The nose-
roll angles were referenced to an arbitrary starting point. One
nose roll angle resulted in the highest value of CY of 3.6 at a
= 50 deg. This nose roll angle was maintained for all subse-
quent tests.
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Fig. 4 Side force coefficient, no forebody strakes, + wing after-
body; Re= 115,000, A/=0.11.
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Fig. 5 Yawing moment coefficient, no forebody strakes, + wing
afterbody; Re = 115,000, A/=0.11.

Baseline Runs
The nose roll angle was fixed for the tests without forebody

strakes, and the body was rotated for the + and x configura-
tions. Resultant side-force and yawing-moment coefficients
are shown in Figs. 4-7.

It can be seen in Fig. 4 that induced side forces begin at
about a = 25 deg and reach a maximum value of about 5.1 be-
tween 40- and 45-deg angle of attack. The yawing moment
coefficient curve in Fig. 5 indicates the same range over which
there is an induced effect, though a significant difference is
seen that will be pointed out in later results as well. Between
25- and 45-deg angle of attack, the yawing moment is
negative; there is a switching of sign as the induced moment
passes through zero at 45 deg. The values of Cn steeply reach a
maximum of over 12 at a = 65 deg. These two figures indicate
that the presentation of side-force data alone may fail to relate
the important effects of the asymmetric-vortex flowfield; the
side force maximizes at an angle of attack where the induced
yawing moment is practically zero. More will be said on this
presently.

It can be noted in these figures, as in some later figures, that
a wide scatter of data exists in CY and Cn at angles of attack
less than 15 deg. The balance used for the experiments was
rated much higher than necessary for these tests; measured
forces were in the lowest 10% of the balance span. It is
believed that the scatter at low angles where the balance is
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relatively unloaded is due to the inherent limitations of the
balance accuracy. At angles of attack above 15 deg, the nor-
mal force apparently is sufficient to provide the stability
needed for the measurement of small side forces. It should be
noted that static loadings with small weights performed before
each wind-tunnel test did not show this scatter. No other ex-
planation of the phenomenon can be given, and it is believed
that the scatter at low angles is due to balance limitations,
rather than to measured forces. In no case did the balance
show a similar occurrence as zero side forces were reached
near 90 deg.

The next two figures show side force and yawing moment
coefficients for the x configuration. In this case, the side force
values are negative at low angles of attack and become positive
between 40 and 45 deg, maximizing at 65 deg. Again, the scat-
ter seen below 15 deg is believed to be due to the causes men-
tioned above. The yawing moments, on the other hand, in-
itially are positive and become negative briefly between 40 and
45 deg. Betwen 50 and 55 deg the side forces and yawing mo-
ments are of identical sign, and peak at the same angle of at-
tack.

The baseline runs indicate a general behavior noted by other
investigators but perhaps not sufficiently characterized for a
realistic missile configuration. On sharp, slender, axisymme-
tric forebodies, asymmetric vortex shedding generally begins
when the angle of attack exceeds the nose apex angle.12 For
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/te= 115,000, M= 0.11.

the current model, this onset angle would be about 48-50 deg.
Yet blunted ogives attached to cylindrical afterbodies result in
the formation of side force cells along the afterbody, which
may be significant. For blunt noses or those with steep apex
angles, the onset angle of attack is driven by the overall body
fineness ratio, l/d. Ericsson and Reding3 present evidence of
the onset angle for such a case of about 4.2(d/l). For the mis-
sile under study, this would give an onset angle for afterbody-
generated asymmetric vortices of about 18-20 deg. Even
though the nose fineness ratio is large enough (or the apex an-
gle small enough) to promote the generation of strong asym-
metric vortices from the forebody at high angles of attack, the
body fineness ratio of 13.06 appears large enough to induce
significant side forces and yawing moments at lower angles of
attack (between 20 and 45 deg). This combination of
mechanisms would explain why the side forces presented in
Fig. 4 are induced sooner than expected, and why the initial
yawing moments are of opposite sign to the side forces. Con-
sidering the side forces alone might give the false impression
that the expected yawing moments generated below 45-deg an-
gle of attack are derived from forebody vortices. The CY and
Cn are of identical sign at high angles of attack, indicating the
action of nose-generated vortices providing the induced side
force; but as shown for the + case, the maximum induced side
force actually results in zero yawing moment at 45 deg. The
sign switch at 45-50 deg angle of attack corresponds to that
onset angle of attack expected for a slender forebody alone.
Side force studies alone, therefore, appear insufficient when
considering possible control problems for a realistic missile
with a long afterbody.

Foiir-Strake Forebody
Four strakes were added to the forebody in the + orienta-

tion. The nose roll angle was fixed. Two afterbody configura-
tions were tested.

Figure 8 shows a complete elimination of the induced side
forces above 50-deg angle of attack (compared to Fig. 4). The
side forces induced over the afterbody from 25-50 deg remain
significant and may actually be slightly increased. These
results reinforce the previous statement about the forces at low
angles of attack being due to afterbody vortices; the strakes
have no effect on vortices that detach downstream of the nose
region. The flow separates symmetrically at the nose at high
angles of attack due to the addition of the strakes; at low
angles of attack, asymmetric afterbody vortices form, causing
a small but significant side force. The yawing moments in Fig.
9 reflect the same conclusion, with the moments at angles of
attack less than 45 deg being undisturbed and those beyond 50
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deg being reduced, the maximum value by 15%, from 12 to 3
units. The fixing of the forebody separation location at high
angles of attack drives the lee flowfield vortices to remain
fairly symmetric. The forces and moments beyond about 45
deg remain of the same sign, indicating the action of weakly-
asymmetric forebody vortices beyond 45 deg and afterbody
vortices at angles of attack less than 45 deg.

Figures 10 and 11 represent the side-force and yawing-
moment coefficients for the x wing configuration. As in the
previous case, the four-strake forebody was successful in re-
ducing the induced side forces to a small level at high angles of
attack, whereas the values at low angles of attack remained
about the same. Comparing Figs. 11 and 7, one sees the yaw-
ing moments were likewise practically eliminated in the 50-70
deg angle-of-attack range where a steep peak previously ex-
isted. Interestingly, the yawing moments for the low angle-of-
attack range from 20 to 45 deg were not only not eliminated
but were slightly increased, as noted also for the + case. At
low angles of attack, one does not expect nose-generated vor-
tices to form; with the addition of sharp forebody strakes, the
flow separates from the forebody strakes at these low angles
of attack. Perhaps these vortices generated from the strakes at
low angles of attack feed energy into the afterbody vortices,
causing an slight enhancement of the yawing moment. The
values of Cn are still well below the previous maximum values
that were eliminated.
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Fig. 12 Side force coefficient, eight-strake forebody, + wing after-
body; /te= 115,000, Af=0.11.

Eight-Strake Forebody
The forebody, placed at the same roll angle as before, was

further modified by the addition of four more strakes, result-
ing in a total of eight strakes, one located every 45 deg radially
around the forebody. A sketch and photo of the eight-strake
forebody are shown in Fig. 3c. The results of testing this con-
dition for the two body-wing configurations are shown in
Figs. 12-15.

The + case is treated in Figs. 12 and 13. The side force re-
sponse for the eight-strake configuration is somewhat mixed.
As before with the four-strake configuration, the induced side
forces at low angles of attack remain relatively unchanged.
There is a slight reduction in the values beyond 45 deg, but not
to the magnitude experienced with the four-strake configura-
tion. Between 60 and 65 deg there is an excursion of values
from 5 to - 7; a reversal or switching may be taking place, be-
ing triggered by the family of vortices being shed from the
eight-strake forebody. Such a switching phenomenon has been
observed by other investigators.13'14 Induced side force values
remain at levels identical to the baseline case for angles of at-
tack between 65 and 75 deg.

Figure 13 shows the result of the eight-strake forebody on
the yawing moment. The afterbody-generated vortices are left
unchanged as before; the significant increase in Cn seen in the
baseline case has been eliminated between 45 and 60 deg.
However, the yawing moments reach high values identical to
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those of the baseline case between 65 and 75 deg. Though the
range of angle of attack for induced moments has been
shortened, it Jias not been eliminated with this forebody. Ap-
parently the Addition of multiple strakes must be done with
caution.
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Figures 14 and 15 treat the x configuration. The side forces
below 45 deg are relatively undisturbed; very similar to the
previous case, the values are reduced between 45 and 60 deg
but are maintained at high values between 60- and 75-deg an-
gle of attack. Some switching can be noted between 60 and 70
deg. The yawing moments follow the same pattern. The
afterbody-generated values below 45 deg are left undisturbed;
from 50 to 60 deg, the yawing moment is eliminated; but be-
tween 60 and 75 deg, the moments are only slightly reduced.
The same switching can be noted in this region.

Conclusions
The following statements summarize the conclusions

reached as a result of the experimental measurements.
1) The onset angle of attack for the formation of asym-

metric vortices for this realistically configured missile was
driven by the body-length-to-diameter ratio, not by the apex
angle of the ogive forebody. The onset angle correlated
favorably with previous studies of the onset angle for blunted
slender forebodies with long afterbodies.

2) Because of the generation of significant forebody and
afterbody vortices, which give yawing moments of opposite
sign over the missile, the consideration of induced side forces
alone appears insufficient to reveal potential control problems
over the angle-of-attack range from 20 to 70 deg. In one case,
the angle of attack for maximum side force corresponded to a
zero yawing moment.

3) Forebody modifications failed to successfully decrease
the induced yawing moments at low angles of attack; this
result is due to the fact that these asymmetric vortices are be-
ing generated over the afterbody. All afterbody-generated
yawing moments had smaller magnitudes than the forebody-
generated yawing moments for the baseline forebody, how-
ever. The afterbody-induced yawing moments were actually
increased slightly in magnitude due to the action of the
strakes. A study of the interaction mechanism of the strake
vortices with the afterbody vortices is beyond the scope of the
present analysis.

4) The four-strake configuration virtually eliminated the
induced side forces and yawing moments at angles of attack
beyond 50 deg. Forebody vortices may continue to exist, but
yawing moments remain small. Apparently the + strake con-
figuration successfully drove the forebody-generated vortices
to be symmetric, or nearly so.

5) The effect of the eight-strake forebody configuration
was extremely angle-of-attack dependent. Below 45 deg,
where the vortices are being generated by the afterbody, no ef-
fect was seen, identical to the four-strake case. Between 45 and
60 deg, where the yawing moment greatly increased for the
baseline missile, the yawing moments were more or less
eliminated. From 60 to 65 deg, an unusual switching or rever-
sal, noted for both body orientations, took place. Beyond 65
deg the yawing moment quickly reached a maximum similar to
that for the baseline forebody, and the eight-strake forebody
became ineffective. Why this is so is unclear. Evidently, more
work needs to be done with the use of multiple strakes, an
issue that becomes apparent from a study of the results of Ref.
6 mentioned previously.

6) The wing-body orientation did not significantly in-
fluence the effects of the straked forebodies. A previous study
had found that the lee flowfield for the two wing-body config-
urations, even for such low-aspect-ratio wings, can be quite
different.15
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