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Aerodynamic Effects of a Turbulent Flowfield
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Wind-tunnel tests were performed on a vertically launched surface-to-air missile model to investigate the ef-
fects of flowfield turbulence on the side forces induced by nose-generated asymmetric vortices at high angles of
attack. The effects of the missile low-aspect-ratio wings on the induced side forces are also investigated. Test
angles of attack range from 0 deg to 90 deg at a Reynolds number, based on model diameter, of 1.1 X 10%, and at
a Mach number of 0.1. Three body configurations and five flowfield conditions are tested. Increased freestream
turbulence at the boundary-layer scale greatly reduces the side forces, and the initial tendency of an increase in
intensity at a vortex scale is to stabilize the asymmetric behavior and to maintain the side force magnitude. In-
creased levels of turbulence reduces the side forces, but magnitudes remain significant. For ambient turbulence
conditions, side forces are maintained at approximately the same levels with and without wings.

Nomenclature

Cy =normal force coefficient, N/{(pU,,2/2)S]
=side force coefficient, Y/[(oU_2/2)S]
=model body diameter
= turbulence dissipation length scale
= grid mesh width
=normal force
= Reynolds number, pU,D/p
=reference area, ©D?/4
=turbulence intensity, ¥’ /U,
=streamwise mean velocity
» ={freestream velocity
! =root-mean-square of streamwise fluctuating velocity
component
v’ =root-mean-square of transverse fluctuating velocity
component
=streamwise coordinate
=side force
=angle of attack
=roll angle
= coefficient of molecular viscosity
=air density
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Introduction
Vertically Launched Missile

HE recent introduction of a vertical launch capability
for ships carrying surface-to-air missiles represents a ma-
jor advancement in weapon system reliability and flexibil-

Received Oct. 31, 1988; presented as Paper 89-0329 at the AIAA
27th Aerospace Sciences Meeting, Reno, NV, Jan. 9-12, 1989; revi-
sion received April 3, 1989. This paper is declared a work of the U.S.
Government and is not subject to copyright protection in the United
States.

*Assistant Professor, Department of Aeronautics and Astro-
nautics. Member AIAA.

tLieutenant, U.S. Navy; Operations Officer, USS Harold E. Holt.

{Lieutenant, U.S. Navy; Weapons Control Officer, USS Norman-
dy.

ity.! A characteristic of vertically launched missiles is their in-
ability to point at the target intercept point prior to launch. As
a result, the missile must be maneuvered to its intercept trajec-
tory. But, the initial launch speed of the missile is relatively
low, and the aerodynamic surfaces are not yet sufficient for
maneuvering. During this time, the missile is subject to poten-
tially significant crosswinds, resulting in an effective high an-
gle of attack. The requirements for certain trajectories also
place high angle-of-attack demands on the vertically launched
missile. Angles of attack may reach up to 50 deg during turn-
over maneuvers.?

The existence of an induced side force on slender bodies due
to the formation of asymmetric vortices at high angles of at-
tack has been characterized by numerous investigators; only
a few of the most recent are given for reference.’® A review
of past work is given by Paul.® Unpredictable side forces may
be generated under certain flow conditions for the vertically
launched missile, which pose a potential threat to flight stabil-
ity. Additionally, the flowfield may contain some degree of
turbulence. The surface layer of the marine atmospheric
boundary layer (approximately the first S50-100 m) may have a
turbulence intensity of 10-15% of the mean wind speed,’”8
and other large-scale turbulence due to flow over the ship
superstructure—commonly called ship airwake turbu-
lence—may be present. The expected length scales of the at-
mospheric turbulence would be on the order of 100 m; yet the
energy cascade of turbulence requires turbulent eddies to exist
in size over orders of magnitude. The degree to which small-
scale turbulence is present in the marine atmosphere of a scale
that may affect the development of vortices from the missile
nose is largely unknown.? The current study considers the ef-
fects on generated side forces of elevated turbulence levels and
increased turbulence scales generated in a wind-tunnel envi-
ronment.

Asymmetric Vortex Formation

The general consensus of previous work concerning the for-
mation of asymmetric vortices at high angles of attack is that
the phenomenon is extremely Reynolds-number dependent; it
has been noted that the generation of strong side forces (nor-
malized by the normal force) occurs in the critical Reynolds
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Fig. 1 Vertically launched surface-to-air missile model.

number regime, where the body experiences subcritical (lami-
nar) vortex separation on one side and critical separation on
the other.? This regime is usually considered to range between
Reynolds numbers of about 10° and 10%, based on a two-
dimensional flow analogy to crossflow over circular cylinders.
But other recent work* supports the proposition that the prin-
cipal cause of vortex asymmetry is a hydrodynamic instability
of the inviscid flowfield. The vortices, increasing in strength
with angle of attack and crowding together for a sufficiently
large value of nose fineness ratio, apparently interact with the
surrounding potential flowfield to stabilize in a steady or
quasi-steady asymmetric configuration. This hypothesis is
supported by flow visualization indicating that at low
Reynolds numbers (3.0x 10%), large asymmetries in the
surface-flow patterns exist when laminar separation occurs
over the length of slender forebodies.* Tests conducted with
ogive length-to-diameter ratios of 2.0 and 3.5 suggest the
stronger mechanism for producing side forces occurs at
Reynolds numbers greater than and less than those in the criti-
cal regime, with the second mechanism in the transitional sep-
aration regime being fairly weak.*!® The complexity of the
phenomenon is apparent in the difficulty with which recent at-
tempts at advances can be made in resolving a dominant
mechanism.!! Similarities in vortex asymmetries over highly
swept delta wings to those over ogive forebodies suggest that
asymmetry in the separation characteristics of a body of revo-
lution may not necessarily be an essential feature of vortex
asymmetry.'?

A vortex-switching phenomenon has also been observed!3:14
in which, under certain flow conditions, the vortex pattern
was found to rapidly switch from an almost symmetric config-
uration to a highly asymmetric one. This phenomenon may
either relate to a fluctuation in the separation nature and loca-
tion on the sides of the slender body, or to the possibility of a
second inviscid solution in the leeward flowfield. In either case
there is no doubt that the contribution of boundary-layer
asymmetries to the asymmetric vortex formation is significant
at critical Reynolds numbers, though perhaps not principal.

Effects of Wings and Freestream Turbulence

Though many studies have been performed considering
slender bodies at high angles of attack, little work has been
done treating the influence of realistic wing planforms on the
formation of asymmetric vortices. The surface-to-air missile
modeled (described below) possesses long, very-low-aspect-
ratio cruciform wing-and-strake lifting surfaces, running over
half the body length (Fig. 1). A model with a similar wing and
tail configuration was tested? at a Mach number of 0.5 up to
angles of attack of 50 deg for roll angles of 0 deg and 45 deg.
A comparison to the body-only case showed a decrease in the
induced side force from a maximum Cy value of about 3 to a
value of about 0.8 at ¢ =0 deg, and a decrease to a maximum

value of about 0.5 for ¢ =45 deg. The authors note that ‘‘the
out-of-plane forces were largely eliminated by the presence of
the strakes [wings].”’? The mechanism by which the presence
of the wings actually influences the nose-generated asymmet-
ric vortices is not discussed.

Likewise, little work has been done considering the effect of
increased levels of flowfield turbulence on the vortex forma-
tion. Ericsson and Reding!® note that the critical Reynolds
number at which the induced side force is maximized will vary
from wind tunnel to wind tunnel due to the effect of free-
stream disturbances and tunnel noise on boundary-layer tran-
sition. For studies of boundary-layer response, reference is
made to previous studies of more typical two-dimensional
boundary-layer behavior, rather than to any studies on slender
bodies at high angles of attack. Lamont and Hunt'® ascribe a
flow-switching unsteadiness, observed in time-dependent
pressure measurements 7 diameters from the nose, to free-
stream turbulence. The cylinder has an ogive length-to-
diameter ratio of 2, and the flow conditions were a Reynolds
number of 1.1. x 10° (based on slant distance) and o= 30 deg.
Dexter and Hunt!” demonstrated that freestream turbulence
can have a large effect on the transient surface pressures of the
ogive cylinder in work performed in a wind tunnel with an am-
bient turbulence level of 0.01%. Wardlaw and Yanta!® ex-
perimented with a turbulence-generating screen that increased
the freestream turbulence to a level of about 2%. It was noted
that the surface pressures measured with and without the
screen installed were similar, with slightly higher standard de-
viation values with the screen. The side force distribution of
peak values with roll angle did not alter qualitatively, though
the maximum peak values of Cy increased by about 10%.

Definition of Study

It was decided to perform a study of the effects of a realisti-
cally configured wing planform and of freestream turbulence
on the generation of asymmetric vortices and the resulting side
force. A desired outcome of current and future research in this
area is a better understanding of the causal mechanism of the
phenomenon—whether it is a stronger function of the
boundary-layer transitional behavior or of the vortex interac-
tion in the inviscid flowfield.

Current Experimental Program

A wind-tunnel study of normal forces and induced side
forces over a range of angles of attack of up to 90 deg has been
performed for a generic, vertically launched, surface-to-air
missile (VLSAM). Runs were made with four turbulence-
generating grids to observe the effects of freestream turbl}-
lence intensities and scales on the formation of asymmetric
vortices. Body configurations compared were body-only,
body-wings-tail at 0-deg roll angle (wings-tail in a ¢+’ orien-
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tation), and body-wings-tail at 45-deg roll angle (wings-tail in
an ““ X’ orientation). Flow visualization studies were initiated
using smoke and a laser light sheet to illuminate the steady
asymmetric behavior.

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 size and shape of such a missile is
unclassified information.?° 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 one-seventh-scale
missile. Forces and moments were measured by an internal
sting-mounted, six-component, strain-gage balance. For mini-
mum tunnel interference, the support system was constructed
to pivot the model at its approximate center for angle-of-
attack changes.

Test Conditions

The wind tunnel used for the experiments at the Naval Post-
graduate School has a test section measuring 28 by 45 in., with
a contraction ratio of approximately 10. Because of the ex-
treme blockage of the turbulence grids (20% for three of the
four grids), pressure losses in the tunnel limited the available
Reynolds number, based on model diameter, to about
1.1x10°. This particular Reynolds number lies at the lower
end of the critical Reynolds number range, where a change
from laminar to turbulent separation might be expected to oc-
cur over the missile model.!5 Keener* notes for his tests that at
a Reynolds number of 3 x 10°, only subcritical, laminar-type
separation occurred on both sides of the forebody (though not
necessarily symmetrically), while vortex asymmetry existed in
the leeward flowfield. In the current experiment, one might
expect the separation characteristics (at least for ambient tur-
bulence) to be similar for both sides of the missile body. The
existence of a strong induced side force in this case would tend
to support the hypothesis that a critical/subcritical separation
behavior might not be a requirement for asymmetric vortical
flow.

Data were corrected for solid blockage,?' but no correction
was made for sting interference effects. Tail control surfaces
were fixed. Side and normal force coefficients were referred to
an area based on the body diameter. The six-component bal-
ance was calibrated at the NASA Ames Research Center prior
to use at the Naval Postgraduate School; check calibrations
were performed with the balance in place in the wind tunnel.

Turbulence Grids

Each grid was located 73 in. upstream of the pitch axis of
the model support system. Three square-mesh, square-bar,
biplanar grids and a single square-mesh, round-wire grid were
used. See Table 1 for grid geometry. The grids were located at
the downstream end of the contraction section of the wind-
tunnel settling chamber. Grids of this design have been found
to successfully generate nearly isotropic turbulence.?? With
this grid design, the longitudinal turbulence intensity is about
5% greater than the lateral and transverse components.2??

Turbulence Intensities and Scales

Hot-wire anemometry was used for longitudinally mapping
the turbulence generated in the wind tunnel. A single-sensor

Table 1 Grid Specifications®

Grid M d, bar diam. M/d Material
1 5.00 1.00 5 wood
2 3.75 0.75 5 wood
3 2.50 0.50 5 wood
4 1.00 0.0625 16 wire

2Dimensions in inches.
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probe was positioned in the center of the tunnel and traversed
along the centerline from the grids through the test section. A
turbulence intensity of 0.23% was found for the test section
with no grids installed at the test Reynolds number. This value
is typical of common closed-circuit wind tunnels.

As noted for grid-generated turbulence, the ratio of u’ to v’
is approximately 1.05. This relation was used to extract the
turbulence intensity based on the fluctuation in the freestream
direction using a single hot-wire sensor. Figure 2 shows the
measured intensities for the four grids plotted against distance
from the grids. The crossover between grids 1 and 2 near the
grid location is due to the lateral position of the sensor with re-
spect to the grid bars. Previous work has shown that a mini-
mum distance of 6 mesh widths is required for the turbulent
flow to achieve reasonable homogeneity?; the distance from
the grid location to the missile nose for the largest mesh grid is
12 mesh widths. The turbulence intensities at the missile nose
for the four grids were 3.80% for grid 1, 3.12% for grid 2,
2.14% for grid 3, and 0.53% for grid 4.

Meier?* describes a method for correlating the decay of the
turbulence intensity with the distance downstream of a
turbulence-generating grid. Hancock and Bradshaw?? and
Castro® link the turbulence dissipation length scale L, with
the decay of turbulence intensity. Therefore, length scales rep-
resentative of the turbulent dissipation eddies can be estimated
from the turbulence intensity measurements.

For grid-generated turbulence, the intensity decreases as

[ /U]~ %% =A(x/M~B) )

where 4 and B are constants to be determined for each grid.??
The turbulent dissipation length scale is related to the intensity
by23

U AU @y, @

giving length scales varying with downstream distance as
L,/M=0.8[A ~%625]{x/M-B}°37 3)

Figure 3 indicates the dissipation length scales for the four
grids. Note that the representative size increases gradually
with downstream distance, due to the rapid dissipation of the
smaller scales with viscosity. The length scales at the missile
nose are 1.7 in. for grid 1, 1.5 in. for grid 2, 1.0 in. for grid 3,
and 0.25 in. for grid 4. Table 2 summarizes the grid-related
turbulence parameters at the missile nose. The scale for the
largest mesh grid, grid 1, is identical to the body diameter; for
vortical flow about a missile at high angles of attack, one
might expect a turbulence scale on the order of the body diam-
eter to most greatly influence the separation phenomenon.
The smallest grid, grid 4, produces a scale of about 15% of the
body diameter.
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Table 2 Grid turbulence parameters at the missile nose

Grid Intensity, % L,, in. L,/D
1 3.80 1.7 1.0
2 3.12 1.5 0.85
3 2.14 1.0 0.5
4 0.53 0.25 0.15
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Fig. 4 Side force with nose roll angle.

Results
Nose Position

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. Figure 4 shows the resulting side force coeffi-
cients for roll angles varied at 45-deg increments. For these
cases, the body-wings-tail is fixed at 0-deg roll angle, while the
nose is rotated through the roll angle variation. Such a proce-
dure eliminated any effect from body roll angle.

For all of the nose roll angles, nonzero side forces are seen
to begin at about 20-deg angle of attack, and to remain until
about 80 deg. Nose 1 indicates 0-deg roll angle referenced to
an arbitrary starting point with each succeeding number indi-
cating an increase in roll angle of 45 deg. A maximum positive
Cy of about 5.0 is reached at a roll position of 225 deg (nose 6)
and a maximum negative Cy of about — 6.0 is reached at a roll
angle of 315 deg (nose 8); nose 8 was then used for the remain-
der of the tests to produce the maximum possible side force
during the experiments.
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Series of runs were made for the body-only case and for the
body-wings-tail configuration at 0-deg and 45-deg roll angle.
Each configuration was tested over the range of incidence
angles from 0 deg to 90 deg for the four grids and for the am-
bient no-grid case.

Body Only

Figure 5 shows the results of the missile body with no turbu-
lence grid; the turbulence intensity is about 0.23%), the nomi-
nal wind-tunnel value. As representative dissipation length
scales were determined from the decay of grid-generated tur-
bulence, no length scale was estimated for this intensity level.

Nonzero induced side forces come into play at about 25 deg
angle of attack, and a maximum Cy of about — 4.2 is reached
around 50 deg. A comparison of the side force coefficients
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with those for the case with the smallest level of elevated tur-
bulence, shown in Fig. 6 for grid 4, indicates a reduction due
to the increased turbulence level to a maximum value of about
—2.0 at the same angle of attack. At the smaller length scales,
an increased freestream turbulence has the consequence of ef-
fectively increasing the Reynolds number. Figure 7 shows the
side force with grid 3; note that the maximum side force coef-
ficient has remained the same and the main difference between
the two cases is that the data have shifted to slightly higher
angles of attack. The angle of onset of asymmetric vortices is
about 30 deg. Between these two cases, the turbulence inten-
sity and length scale have both increased by a factor of 4. The
latter data also tend to show less scatter, indicating that in-
creased turbulence at larger scales acts to reduce the unsteadi-
ness of the asymmetric vortex flow.

Figure 8 shows a reduction in the side forces to a maximum
value of about — 1.3 for the increase in turbulence parameters
of 50%. The scatter in data due to the vortex unsteadiness re-
mains fairly high. Figure 9 at the maximum turbulence inten-
sity of 3.80% and length scale of 1.7 in. shows similar results,
with side force coefficient values remaining smaller than
—1.0. For the body-only case, an increase in intensity and
scale tends to reduce the induced side forces and to shift the
range of action to slightly higher incidence angles. An initial
speculation is that since the dissipation vortices of turbulence
in the last case are of the model diameter size, the mechanism
tending to reduce the vortex asymmetry is an interaction be-
tween the forebody/body-generated vortices and those of the
freestream turbulence, rather than a premature transitioning
of a subcritical boundary layer.

Body-Wings-Tail at 0-Deg Roll Angle
Figure 10 shows the results on side force of adding the lift-
ing and control surfaces to the missile body. Side forces begin
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to be generated at about 20 deg and continue until about 80
deg. A maximum value of about —4.6 is reached at an angle
of attack of 46 deg. Evident is the extreme scatter of data in
the region of strong induced side forces.

A comparison of Figs. 10 and 5 indicates a result of the low-
aspect-ratio wings is to widen the range of large values of C,.
Overall the behavior is similar, with a slightly larger scatter in
the data for the winged case. For the winged case, a reversal in
side force at the angle of initial onset has taken place. Con-
trary to the results noted by other investigators,? the induced
side force appears to be maintained and strengthened by the
addition of long cruciform fin-like wings in the 0-deg roll an-
gle orientation. Currently, it is unknown whether the vortices
being shed from the wings and strakes act to energize the
asymmetric forebody/body vortices, or whether the wings and
strakes themselves generate a vortex asymmetry. '3 Future tests
will investigate the flowfield interactions directly with local
measurements.

As can be seen in Fig. 11, the addition of grid 4 reduces the
magnitude of the side forces to levels almost identical to the
no-grid case for body only (Fig. 5). A small reversal in the side
force direction can be noted at the initial onset of nonzero side
force. A distinctive change in behavior appears with the addi-
tion of grid 3, seen in Fig. 12. Recall that grid 4 doubles the
turbulence intensity from its nominal no-grid value; grid 3
quadruples the level of intensity (from 0.53 to 2.14%) as well
as the dissipation length scale (from 0.25 to 1.0 in.). Whereas
the case with grid 4 showed a behavior similar to the no-grid
case but at a slightly reduced magnitude, the case with grid 3
shows a change in side force response, noted by the following:

1) There is no reversal of force direction at the initial onset
of nonzero side force.

2) The maximum side force has increased back to a level
identical with the no-grid case.
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3) There is much less scatter in the data, indicating the
vortex wake structure is steadier than for the no-grid or the
grid 4 case.

A comparison of Figs. 6 and 7 for the body-only configuration
indicates that the grid 3 case in that instance produced
smoother data, with a slightly higher maximum value of C,.
Two general conclusions that might be drawn from the two-
body configurations, with and without wings, are as follows.

1) An increase in turbulence intensity with a length scale on
the order of the boundary-layer scale tends to reduce the mag-
nitude of the induced side force, while keeping the same shape
of the response with incidence angle as for the ambient case.

2) An increase in turbulence intensity with a length scale on
the order of the nose-generated-vortex scale tends to delay the
onset of induced side force, to steady the asymmetric vortex
formation and to leave the maximum value of Cy more or less
unaltered.

Further increasing the intensity and length scale tends to
reduce the maximum value of Cy(— 3.6 for grid 2, Fig. 13, to
—2.6 for grid 1, Fig. 14), while maintaining the general shape
of the response first seen when vortex-scale turbulence was in-
troduced.

A comparison of the runs for the cases of the body-only and
the body-wings-tail configurations shows that the addition of
winigs and strakes typical of a vertically launched missile tends
to preserve the induced side force over all levels of turbulence
intensities and length scales treated. For the largest-mesh grid,
for example, the maximum value of Cy is about 2.5 times as
high for the winged case as for the body-only case. Evidently
the wing-and-strake vortices, either by direct interaction or by
their own asymmetry, can maintain a strong induced side
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Fig. 14 Side force vs angle of attack, grid 1, ‘ + >’ configuration.

Fig. 15 Flow visualization of asymmetric vortices, o= 60 deg.

force at a Reynolds number of 1.1 x 10°, even at elevated tur-
bulence levels.

Body-Wings-Tail at 45-Deg Roll Angle

An identical set of runs was made for the missile at a roll an-
gle of 45 deg, placing the wings and tail in an ‘“ X’ orienta-
tion. The trends are similar to those shown previously, with
regards to the effects of freestream turbulence. Space limita-
tions prevent a presentation of the results. For the complete
results, see Ref. 25.

Flow Visualization

A smoke probe and laser light sheet were used to illustrate
the nature of the vortical behavior. Figure 15 shows the steady
asymmetric vortices at an angle of attack of 60 deg at a loca-
tion 3 diameters from the nose. Sketches of similar behavior
can be found in Keener.*

Conclusions and Recommendations

Wind-tunnel tests were performed on a vertically launched
surface-to-air missile model over a range of angles of attack
from 0 deg to 90 deg at a Reynolds number based on diameter
of 1.1x10°. Three configurations were tested: body-only,
body-wings-tail at 0-deg roll angle, and body-wings-tail at
45-deg roll angle. Five flowfield conditions were treated: the
nominal ambient wind-tunnel conditions, and four conditions
with grid-generated turbulence giving a range of turbulence in-
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tensities and dissipation length scales. The following conclu-
sions were reached:

1) Strong induced side forces exist at a Reynolds number
that, according to previous work,* could be expected to have
laminar separation on both sides of the slender body. This
result supports the hypothesis that critical/subcritical separa-
tion conditions are not a requirement for the formation of
asymmetric vortices. It should be made clear, though, that no
direct investigation into the body separation behavior by sur-
face pressures or flow visualization was conducted.

2) Side forces were maintained at approximately the same
magnitudes for the body-only and the body-wings-tail config-
urations at ambient wind-tunnel turbulence levels. Data gener-
ally are scattered, indicative of unsteady vortical flow, though
with a determinable mean.

3) In no case was a mirror-image flow switching found for
the chosen nose orientation. Within a band of scatter, the data
were repeatable.

4) For the body-only case, an increase in turbulence inten-
sity tends to greatly reduce the maximum induced side force.
Yet the increase in turbulence intensity from 0.23 to 0.53%
had a much greater effect than the increase from 0.53 to
2.14%, the latter with an accompanying scale increase from
0.25 to 1.0 in. It is believed that the initial reduction (with a
high level of unsteadiness) is due to changes in the transitional
boundary-layer behavior, while further increases at larger
scales have little influence on the boundary-layer behavior.

5) The initial effect of increased turbulence on the winged
configurations is to reduce the magnitude of the side force
while maintaining the same level of vortex flow unsteadiness.
As the turbulence is further increased to very large intensities
and to larger length scales, side forces increased or maintained
at the same level and the force data became smoother, indic-
tating a steadier vortical flow.

These results indicate that the effect of the initial turbulence
intensity increase (at roughly a boundary-layer scale) is to
modify the boundary-layer separation characteristics at the
sides of the missile model body. Further increases in intensity
and length scales (on the order of the nose-generated vortices)
appear to directly impact the vortex flowfield.
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