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Wind-Tunnel Tests of an Aircraft Turret Model
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The drag of a half-scale aircraft laser turret is investigated in a low-speed wind tunnel. Forces, moments, and
pressures are recorded for the turret and aft-mounted fairings and splitter plates. Oil traces and tufts indicate that
the � ow is characterized by dominant vortices shedding from the top of the turret and a large trailing wake of
vorticity. Splitter plates are ineffective in reducing drag as a result of the strong � ow over the top of the turret. A
small fairing reduces the baseline drag coef� cient by 49% but is unable to produce attached � ow near the turret.
A large fairing eliminates nearly all separation regions and reduces the baseline drag coef� cient by 55%.

Nomenclature
CD = drag coef� cient, D /q S
Cn = yaw-moment coef� cient
C p = pressure coef� cient, (P ¡ Patm )/ q
C y = side-force coef� cient
D = drag force
P = pressure
q = dynamic pressure, 1

2
q V 2

ReD = Reynolds number (based on diameter)
S = frontal area of turret
V = wind-tunnel velocity
x = positive out turret leading edge
y = positive according to right-hand rule
z = positive toward turret base
b = sideslip angle
q = density

Introduction

T URRETS have been placed on aircraft for many applications.
There is recent interest in placing a turret on an aircraft for

purposes of laser communications research. Without some method
of streamlining, the turret’s shape could induce a signi� cant drag
penalty. In addition,regionsof separated� ow near the turret surface
can degrade the laser’s optical signal or produce vibrations that
adversely affect the tracking system.

Signi� cant research has been dedicated to producing ef� cient
means of reducing drag on shapes such as cylinders and spheres.1

The turret considered in this study is mainly spherical in shape,
but blended to a cylindrical base near the point of attachment to
the aircraft. In this con� guration, existing cylindrical or spherical
drag results offer little in the form of good drag predictions. How-
ever, drag results of similar shapes or con� gurations could prove
extremely valuable, but tests on turret shapes have been limited,
and such results are dif� cult to locate.

Several tests of similar turret shapes were carried out in the mid-
1970s in support of the Airborne Laser Laboratory (ALL) program.
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Emphasis was placed on minimizing the drag, aerodynamic forces,
and vibrationsplaced on a turret with an open viewing port.2 Many
methods of drag reduction were tested, including fore and aft fair-
ings, side fairings,boundary-layersuction,mass-� ow injection,and
scoops and channelsplaced near the top of the turret.One test deter-
mined the lowest drag con� guration to consist of the turret, forward
ramped shell, and aft fairing, which decreased the drag by 30%
compared to the lone turret con� guration.3

Key differences between earlier con� gurations and the turret
tested in this study made predictions based on previous results dif-
� cult. Laser technology has advanced to the level of using a win-
dow over the viewing area that matches the curvature of the turret
itself. Also, previous turrets were tested on a cylindrical surface
approximating the fuselage of a large transport aircraft; this study
considereda turret to be mounted on the � at undersideof an aircraft.
Finally, more stringent operational limits have been placed on the
size of any modi� cations added to the testbed aircraft, and the laser
window must have an unobstructed view (� eld of regard) of cer-
tain areas around the turret. Thus, any drag reduction modi� cations
limited by the laser’s � eld of regard (look angles) may not be ideal
from an aerodynamic drag standpoint.

This study investigated the low-speed aerodynamics of a turret
model by measuring forces, moments, and pressures acting on the
turret. The objective was to characterize the � ow� eld around the
turret, identify regions of separation, and investigate the use of pas-
sive aft-mounteddrag-reductiondevices(splitterplates and fairings)
while meeting the � eld-of-regard requirementsof the laser. An im-
portant tradeoff for any modi� cations to the actual turret was the
� eld of regard (look angles) available to the laser system compared
with the improvement in drag. Splitter plates offered the least look-
angle restrictions whereas the fairings produced larger restrictions.

The investigationdid not model the characteristicsof the overall
� ow� eld of an aircraft;rather, the testswere designedto characterize
the relativedifferencesin drag and local � ow� eld associatedwith the
installationof the splitterplates and fairingson the turretmodel.The
turretmodel was a half-scalemodel of a proposed turret.The frontal
areaof themodelwas approximately0.05m2 (0.5 ft2 )comparedwith
the proposed full-scale turret frontal area of approximately0.19 m2

(2 ft2 ). The drag coef� cient was referenced to the frontal area of the
turret model.

When examining stability properties, each drag-reduction con-
� gurationwas tested at sideslip angles of 5 deg and smaller. Results
in this area did not represent the full range of sideslip angles en-
countered in � ight, but the model structure and wind-tunnel safety
concerns limited this phase of testing to small angles. In normal
operation, the aircraft will rarely exceed a 3-deg sideslip, and so the
sideslip range was considered adequate.
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Fig. 1 Laser turret model.

Experimental Apparatus
Tests were conducted in the Air Force Institute of Technology

(AFIT) 1.5-m- (5-ft-) diam low-speed wind tunnel at a 0-deg angle
of attack and freestreamvelocities up to 65 m/s (213 fps). Reynolds
numbers ranged from 3 £ 105 to 9 £ 105 based on the turret diam-
eter. The size of the AFIT 1.5-m (5-ft) wind tunnel allowed for
testing and � ow visualization of a half-scale model. The dynamic
pressure in the test section (tunnel q ) was determined from the dif-
ferencebetween the total pressureof the � ow (atmospheric) and the
static pressure measured at the inlet to the test section. The desired
� ow velocity, calculated directly from the dynamic pressure, was
obtained by varying the coarse and � ne speed controls of the fan
motors.

The turret model shown in Fig. 1 was a half-scale model of a
proposed aircraft turret for housing laser optics. Created from a
large block of laminated mahogany, the turret model was a 0.23-m-
(9.25-in.-) diam sphere blended to a 0.2-m- (8-in.-) diam cylindri-
cal base. Installed in the sphericalportionof the turret using 0.1-cm
(0.040-in.) outer diameter stainless steel tubing were 11 static pres-
sure taps. Six taps were aligned with the vertical plane, beginning
with the stagnation point in front and running over the top of the
turret in 30-deg intervals. Five taps were placed in the horizontal
plane around the diameter of the sphere, beginning 90 deg aft of
the stagnation point and continuing rearward in 15-deg intervals. A
large cylindrical cutout within the model provided for the routing
of pressure-tap tubing.

Two splitter plates with different heights were tested for drag
reductionand are shown in Fig. 2. Both splitterplateswere 0.48-cm-
( 3

16 -in.-) thick aluminum, 2.6 turret diameters in length, allowing an
unobstructed look angle in the horizontal plane of nearly 150 deg
measuredfrom the frontstagnationpoint.The splitterplate thickness
near the turret was 0.95 cm ( 3

8 in.) thick to allow for the mounting
bolts. The plates were bolted to the turret model, supported by two
braces, and cantilevered 0.95 cm ( 3

8 in.) above the ground plane to
ensure they would not contact the ground plane and invalidate the
force data.

Shown in Fig. 3, the small and large blended fairings tested
for drag reduction were manufactured from a synthetic mahogany
material to provide higher strength than mahogany and an added
safety factor. The interiors of the fairings were hollowed to reduce
weight, leaving shellswith an average1.6-cm ( 5

8 -in.) wall thickness.
The small and large fairings allowed unobstructed120- and 90-deg
look angles, respectively.Both fairings were the same length, were

Fig. 2 Splitter plates.

Fig. 3 Fairings.

cantilevered the same distance above the ground plane, and shared
the same attachment points to the turret as the splitter plates.

A rectangular wood platform (ground plane) spanned the test
section and was securely fastened in the test section to simulate a
predominantly� at aircraftundersideand providea mountingsystem
for the model and its instrumentation. An elliptical leading edge
reduced the turbulence created as the � ow split above and below
the ground plane. Forces and moments were measured only on the
turret and its various con� gurations and did not include the ground
plane.

A 0.32-m- (12.5-in.-) diam cavity hole for instrumentation was
located 1.17 m (46 in.) aft of the ground plane leading edge and
centered between the left and right sides of the ground plane. The
instrumentation cavity, essentially an aluminum inverted top hat,
served as a mounting platform for the load cell unit (LCU), which,
in turn, was centered within the cavity and attached to the turret
model. Instrumentationwires and tubes connected to the model ran
through a hole in the cavity wall to the data acquisition systems
in the wind-tunnel control room. An aluminum cover ring placed
� ush with the surfaceof the ground plane surroundedthe base of the
turretmodelandcoveredtheexposedportionsof the instrumentation
cavity(Fig. 1). A 0.48-cm( 3

16 -in.) gapbetweenthe ring and the turret
allowed de� ection of the turret during testing.

The LCU was used to determine the three forces and three mo-
ments acting on the turret under each con� guration.Eight load cells
were arranged to give symmetric loading in each direction. Each
load cell had a sensitivity of §0.08 mm (0.003 in.) over the load
cell range of 111 N (25 lbf). The theory of the LCU and the details
of its calibration and use are given by King.4

All data were acquiredwith a graphical-softwarepackagefor data
acquisition installedon a personal computer.The LCU signals were



370 SNYDER, FRANKE, AND MASQUELIER

processed through signal conditioners (with a gain of 50), which
provided a clean and steady excitation voltage to the LCU. The
signal conditioners were connected to a data acquisition board, at
which point the signal was converted from analog to digital. An
interfacecard was installed in the personal computer and connected
to the data acquisitionboard to give the softwareaccess to the digital
signals.

A microcomputer-based,stand-alonepressure measurement sys-
tem was used to measure the static pressure at various locations on
the turret surface. The static taps were connected to an electronic
pressure scanner placed in the cavity beneath the model. Signals
from the pressure scanner passed to an analog-to-digital converter
and into the pressure-systemprocessor. The personal computer ac-
cessed the pressure-systemprocessorvia the interfacecard. Snyder5

gives further details of the instrumentation.

Experimental Procedures and Data Reduction
Calibrations

The LCU was calibratedmanually with known weights to deter-
mine the eight individual load-cell responses (voltages). Forces and
moments were isolated into each of the primary directions while
the turret was placed in precisely the same con� guration as during
testing.Any stiffnessof the wires and tubes within the turret assem-
bly was minimized by placing slack in all wires and connecting the
stainless-steel,pressure-tap tubing to � exible Tygon tubing.

The calibrations in each positive and negativedirection produced
lines with slopes nearly identical in magnitude for the primary load
cells. The slopes of the linear calibration curves were calculated
from a least-squares � t to the data and placed into a coef� cient
matrix. All primary calibration curves had a correlation coef� cient
of at least 0.9999.During the testing phase, the forces and moments
acting on the model were calculated by multiplying the measured
voltagevectorby the inverseof the coef� cientmatrix.A MATLAB®

routinereduced the raw data � les into the various force and pressure
coef� cients.

A test-sectionblockagefactorwas applied to adjust for all objects
placed in the test section. Using Rae and Pope’s correlation,6 the
combinedareaof thegroundplane, instrumentationcavity,and turret
model gave a blockage correction of 0.0148. Thus, the measured
wind-tunnel velocity was corrected by multiplying by 1.0148. The
dragcoef� cientfor the turretwas referencedto the turret frontalarea,
0.045 m2 (0.485 ft2) based on a computer drawing of the full-scale
turret.

A set of commands directed the pressure-measurement system
to perform a self-calibration at the beginning of each set of runs.
Once started, the stand-alone pressure system would apply a series
of known pressures to the electronic pressure scanner and isolate
each pressure tap in turn. The result was a set of calibration curves
that was used to calculate the pressures in the 11 static taps on
subsequent runs.

Testing

Five separate con� gurations were tested during this study: clean
turret, small or large splitterplate attached,and small or large fairing
attached. For each of the four latter con� gurations, data were taken
at 0-, §2.5-, and §5-deg sideslip angles, but the clean turret was
tested at 0 deg each time. When the model was rotated, the LCU
rotated as well, so that all data were taken with respect to the model
coordinate axes. The tunnel velocity ranged from 20 m/s (66 ft/s)
to 65 m/s (213 ft/s). The maximum speed tested corresponded to a
Mach number of 0.19.

The forces and pressuresacting on the model were zeroed before
beginningeach data run and checked at the end of each run to catch
any shift in data, but no hysteresis effects were encountered during
testing. At each tunnel speed, 2000 samples were taken from the
LCU and static-pressuresystem at a scan rate of 2024 samples per
second. The samples were then averaged into one data point and
saved. Before changing the tunnel speed, 10 such data points were
taken.

Flow Visualization

Tufts

The turret, both fairings, and the small splitter plate were ex-
tensively tufted for this phase of the study. Embroidery thread (of
several contrastingcolors) 0.8 mm ( 1

32
in.) thick was cut into 1.3-cm

( 1
2 -in.) lengths and placed on the model in a closely spaced grid pat-

tern. Tufts of this size were useful in identifyingseparation regions,
the strength of separated � ow, and dominant � ow frequencies.The
tufts did induce a small amount of � ow� eld interference. A lack
of optimal viewing windows on one side of the tunnel dictated that
tufts be placed predominantly on the opposite side of the model.
Several tufts were placed on the poor visibility side of the model to
ensure � ow symmetry, but these tufts were not photographed.Each
tuft was applied using a triangular piece of � ber tape. A drop of
quick-drying glue placed onto the free end of each tuft prevented
fraying when the tufts were subjected to the rapid unsteadymotions
of the � ow in the wind tunnel.

Still photographsand high-speedvideo were taken of the various
tuftedcon� gurations.The still photographscovered the overall con-
� guration with slight emphasis on the area near the junction of the
turret and the fairing/splitter plate. The high-speed video segments
were recorded at 200 frames per second and provided views of the
entire tufted area as well as separate close-ups of the junction.

Oil Flow

Oil � ows were used to identify the surface � ows around the clean
turret and the effects of the gap above the instrumentation cavity.
Prior to this phase, the turret and surrounding area on the ground
plane were painted � at black to give the greatest contrast to the
white oil. A blend of Rosco Fluid (used in fog makers) and titanium
dioxide (for white pigment) was applied to the turret in hundreds
of tiny � ecks by snapping the bristles of a small brush held several
inches from the turret. While the turret was still wet, the tunnel
speed was broughtup to 55 m/s (180 ft/s) and the drops were spread
in the direction of the � ow around the turret. When a steady-state
condition was reached, the tunnel was turned off and pictures were
taken of the oil streamlineson the turret. This method yielded sharp,
descriptive � ow images and has traditionally been shown to yield
very good information about the � ow on a body surface.7

Results and Discussion
Quantitative data collected in this study consisted of forces and

pressuresacting on the turret model with and without the fairingsor
splitterplatesattached.These datawere used to quantifythechanges
in drag, pressure distribution, and stability characteristics with the
additionof each drag-reductiondevice.Flow visualizationprovided
further explanation for the reasons why these changes were taking
place.

Flow� eld Description

Clean Turret

The � ow� eld at the front of the unmodi� ed (clean) turret is illus-
trated in Fig. 4 by oil � ow that was producedat 55 m/s (180 ft/s) for
a duration of approximately 1 min. The larger stationary oil drops
in Fig. 4 indicate the stagnation region at the front of the turret,
whereas the miniscule stationary oil drops scattered over the entire
turret surface simply did not contain suf� cient oil to allow motion
along the surface. The oil streaks that originated at the edges of the
stagnation region indicate the direction of the � ow as it was forced
over and around the turret. A small amount of reverse (upstream)
� ow can be seen on the ground plane near the front of the turret,
and the remaining � ow on the ground plane was directed around
and away from the base of the turret.

The � ow near the base of the turret can be visualized as a horse-
shoe vortex that forms at the front of the turret and extends around
the sides and far downstream, similar to the horseshoe vortex de-
scribed by Belik8 that develops near the junction between a body
and a wall.



SNYDER, FRANKE, AND MASQUELIER 371

Fig. 4 Oil � ow, front view of turret.

Fig. 5 Horseshoe vortex representation.

Figure 5 shows that as the � ow approached the area on the turret
where the spherical portion was blended to the cylindrical base, the
� ow was turneddownwardand beganto forma vortex rotatingabout
the y axis. A combination of the turret geometry and the velocity
pro� le in the boundary layer of the ground plane (high velocity at
the upper edge of the boundarylayer and zero velocity at the ground
plane) caused the � ow to begin its downward rotation. Viewed over
time, this process generated a vortex near the base of the turret
rotating about the y axis.

The Blasius solution predicted a turbulent boundary-layerthick-
ness of 1.9 cm (0.75 in.) at the front of the turret, and this was
approximately the height at which downward � ow appeared on the
turret in Figs. 4 and 5. The developing vortex then wrapped around
the sides of the turret while continuing to rotate as shown. The di-
rection of rotation caused a stagnation region on the turret near the
top of the vortex and an upward velocity component above the vor-
tex. There was also stagnated � ow in small separated regions on
the ground plane and turret base beginningat approximately90 deg
from the front of the turret.

The main separation zone occurred at the rear of the turret as
shown by the oil � ow in Fig. 6. The oil � ow also capturedthe reverse
� ow on the ground plane in the wake of the turret. Although the oil
� ow seems to indicate a well-behavedseparationbubble behind the

Fig. 6 Oil � ow, rear view of turret.

Fig. 7 Tuft run, small splitter plate installed.

turret, high-speed video of the tufts and qualitative tuft-on-a-wire
tests portrayed a highly chaotic and turbulent region. In addition to
the vortex street shed from the sides of the turret (similar to those
encounteredbehinda circularcylinder), high-intensityvorticeswere
shed from the top of the turret. Gravity acting on a large quantity of
oil in the separationzone caused the large vertical streaks to appear
in Fig. 6; these should not be regarded as an indication of the � ow
in that region. Tuft observations indicated separation near 125 deg
(within §5 deg), which is 10–15 deg forward of the point where the
oil � ow stopped.

The photographsand high-speedvideo of the tufts gave dynamic
descriptions of the � ow near the surface of the turret. The � ow re-
mained attached through approximately 120 deg aft of the leading
edge. Rapidly oscillating tufts near and beyond the 125-deg merid-
ian appearedblurred in the photographs indicating that the � ow had
become separated. Tufts along the top of the turret showed separa-
tion near 125 deg from the front as well. High-speedvideo indicated
that tufts in the separated region generally oscillated between fre-
quencies of 20–50 Hz. Near the base of the turret, the tufts captured
the upward motion of the � ow above the horseshoe vortex.

Splitter Plates

Tuft photographs taken of the turret with the small splitter plate
indicated the splitter plate did not alter the 125-degseparationpoint
on the turret by any noticeable amount (Fig. 7). The splitter plate
did reduce the motion of the vortex street in the wake of the turret;
however, the tuft motion on the turret itself closely resembled that
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Fig. 8 Tuft run, small fairing installed.

seen on the clean turret. At the base of the turret, three tufts bent
completely backward demonstrated strong reverse � ow near the
ground plane. The tufts on the upstream portion of the splitter plate
were in a strongseparationzone and were turnedsharplyupwardsor
downwardsdependingon theirpositionon the splitterplate.Because
the splitter plate reduced the strength of the vortices shed from
the sides of the turret, the � ow over the top of the turret became
increasinglydominant and easier to visualize.

Figure 7 is the strongest indication of the dominant top vortices
that were shed from the top of the turret and rotatedabout the y axis,
much like the initial rotationof the horseshoevortex. Although only
partially shown in Fig. 7, the tufts indicated a consistent downward
motion for one diameter aft of the splitter plate/turret junction. The
remaining tufts did not show a dominant � ow direction but simply
oscillated about horizontal lines drawn on the splitter plate. This
veri� ed that the splitter plate did not prevent separation; it was able
to reduce the motion of the vortices shed from the sides of the turret
but could not prevent the dominant top vortices from developing
behind the turret. The splitter plate was, therefore, ineffective in
reducing the size of the low-pressure wake behind the turret.

Fairings

The � ow aroundthe turretwith the small fairing installedis shown
in Fig. 8. The most striking feature is the relatively large separation
zone located upstream and downstream of the fairing attachment
point. Although the small fairing provided a streamlined shape for
the � ow to attachonto behind the turret, the � ow remainedseparated
for approximately 1.3 diameters along the fairing. This occurred
becausethe small fairingwas locatedwell within the separatedwake
of the turret. The large separated region near the fairing attachment
point resulted in poor � ow quality in that area. The tufts in that
separatedregion gave an additional indicationof the strong vortices
shedding from the top of the turret. Near the top of the fairing,
several rows of tufts showed strong reverse � ow, whereas the tufts
on the lower half of the fairing displayed a sharp downward � ow
velocity. Separation appeared along the top and sides of the turret
(with small fairing attached) at approximatelythe same points as on
the clean turret, 125 deg behind the leading edge.

With the large fairing, the separation region near the fairing at-
tachment point was nearly eliminated, as shown in Fig. 9. Flow
along the side of the turret showed slight separation near the last
column of tufts placed on the turret (approximately 135 deg from
the turret leadingedge). This separationregionwas extremelysmall,
however, and in most cases the � ow reattached to the fairing within
approximately 0.2 turret diameters. A region of downward velocity
occurred near the fairing/turret junction and the base of the fair-
ing, but this region was much smaller and weaker than that of the
small fairing. The main reason for this vast improvement in � ow
quality of the large fairing over the small fairing was the reduction
in strength of the vortices shed from the top of the turret. Figure 9
shows the height of the large fairing extending nearly to the top of

Fig. 9 Tuft run, large fairing installed.

Fig. 10 Pressure distributions, similar shapes.

the turret. Consequently,the � ow over the top of the turret remained
attached for the entire length of the turret and fairing. With the top
� ow completely attached and the side � ow attached for all but ap-
proximately 0.2 diameters aft of the junction, the � ow� eld created
by this con� guration was extremely well behaved, and as will be
shown, considerabledrag savings resulted.

Pressure Distributions

Clean Turret

The pressure distributions along the top and sides of the clean
turret are plotted in Fig. 10 against experimental distributions for a
sphere and an in� nite cylinder from previous studies.1 Because the
� ow over the top of the turret encountered the same hemispherical
shape as the � ow over the top of a sphere, the turret and sphere
pressuredistributionshave similar curves.With the base of the turret
connectedto the ground plane, however, the curves suggest a higher
air velocity around the top and sides of the turret than that around
the correspondingareas of a sphere at a given Reynolds number.

The pressure distributionaround the side of the turret closely fol-
lowed the sphere distribution in the range of 90–120 deg behind the
front of the turret. Beyond 120 deg, however, the pressure distribu-
tion closely followed that of an in� nite cylinder, becoming nearly
constant and indicating� ow had separated from the sides of the tur-
ret. The pressure distribution along the side also veri� ed the visual
estimation of separation at 125 deg from tuft and oil � ow pictures.
Along the top of the turret, a lack of pressure taps between 120
and 150 deg did not allow actual identi� cation of the top separation
point. It is highlyprobablethe top separationpointwas in agreement
with the � ow-visualizationobservations.
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Splitter Plates

The pressure distributions around the turret with the small split-
ter plate installed were similar to those around the clean turret
(Fig. 10). The side separation point appeared to be slightly for-
ward of 125 deg. The tuft photographsdid not detect this difference
becausethe change was within the §5-degerror band inherent in the
tuft measurements.The pressuresalong the top of the turret showed
larger changes, however. From 90 deg aft of the leading edge and
beyond, the pressures on the turret (with the splitter plate installed)
were roughly 8% higher than the pressures on the clean turret. The
pressures with the large splitter plate installed were approximately
the same as those encountered with the small splitter plate.

Fairings

The pressuredistributionsaround the turret with the small fairing
installed are shown in Fig. 11. Similar to the splitter plates, the
small fairing covered the last pressure tap along the top (150 deg).
In addition,the fairing covered the last pressure tap along the side of
the turret (150 deg). With the rear pressuretap coveredby the fairing
and no pressure taps in the fairing itself, a complete description of
the increased pressure recovery behind the turret cannot be given.
Unlike the splitter plates, though, the fairingsproduceda signi� cant
pressure recovery along both the top and side of the turret.

Figure 11 indicates that the small fairing delayed separation
slightly along the side, whereas with the large fairing (not shown)
separationdid not evenoccur by 135 deg. The much smaller separa-
tion zone near the large fairing in Fig. 9 veri� es delayed separation,
but the tufts in Fig. 8 do not indicate any delayed separation with
the small fairing attached.Because separationwas delayedwith the
large fairing and the pressure data are signi� cantly more accurate
andquantitativethan the tufts, it is likely that separationwas delayed
when the small fairing was installed.

Drag

Clean Turret

The measured drag coef� cient for the clean turret is shown in
Fig. 12 together with experimental data for related shapes from
other studies.1 Although the turret was partially a sphere, the tur-
ret drag coef� cient was nearly four times higher than a sphere at a
Reynolds number of 6 £ 105 and higher. A sphere encounters pres-
sure relief on all sides, and the resulting separation region does not
begin until approximately 155 deg from the leading edge.1 For the
turret con� guration, however, the separation and low-pressure re-
gion was much larger and resulted in a large increase in pressure
drag.

Figure12 also shows that the turretdrag coef� cientwas quite sim-
ilar to a � nite cylinder with a diameter-to-heightratio of one placed
perpendicularly on a � at plate (a very similar con� guration to the
turret). The turret’s slightly lower drag coef� cient can be attributed

Fig. 11 Pressure distributions, small fairing.

to the streamliningnear the top of the turret that is not present in the
� nite cylinder.Unfortunately,data for the � nite cylinderwere taken
at a Reynoldsnumberof approximately1 £ 105 and cannotbe accu-
ratelyextrapolatedto the Reynolds number range in which the turret
was tested. Assuming the � ow around the cylinder is still laminar at
1 £ 105, the cylinder is likely to experience a similar drag decrease
in the higher-Reynolds-numberrange of Fig. 12. When this occurs,
drag decreases as the � ow transitions from laminar to turbulentand
remains attached to the cylinder for a greater distance around the
circumference.

Splitter Plates

As predicted, the splitter plates were able to reduce the vortex
strengtharound the sides of the turret and producea small reduction
in drag.At the highervelocitiestested,Fig. 13 shows a 7% reduction
in drag coef� cient for the small splitter plate and a 5% reduction for
the large splitter plate. With nearly identical pressure distributions
around the top and side of the turret, it can be expected that the
pressure recovery and pressure drag, respectively, for each splitter
plate con� guration would not be signi� cantly different. Because
the surface area of the large splitter plate was approximately 17%
greater, though, the large splitter plate con� guration incurred an
additional amount of skin-frictiondrag.

The three-dimensional nature of the � ow around the turret re-
sulted in much poorer splitter plate performancethan previous two-
dimensional splitter plate studies have shown. For a cylinder span-
ning between two walls, a 4.2-diam-lengthsplitter plate was able to
reduce the drag by 43% at Reynolds numbers between 104 and 105.
For the same cylinder, an extremely short splitter plate (known as a

Fig. 12 Drag coef� cients, similar shapes.

Fig. 13 Drag coef� cients, fairings, and splitter plates.
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Thwaites � ap) extended only one-quarter of a diameter behind the
cylinder but still reduced the drag by 15% (Ref. 1).

Fairings

The small and large fairings resulted in drag coef� cient reduc-
tions of 49% and 55%, respectively, compared with the clean turret
(Fig. 13). The streamlined shapes of the fairings reduced drag by
delaying separation and allowing the � ow to reattach behind the
turret, thereby inducing a greater pressure recovery. Although the
small fairing was too far within the separation region to eliminate
the strong top vortices and cause signi� cant reattachment, it was
still able to achieve a drag reduction comparable to the large fairing
by causingpressure recovery and preventingsuction from acting on
a portion of the turret. The greater success of the large fairing was
a direct result of streamlining the top � ow and creating attached
� ow over the vast majority of the turret/fairing surface. However,
the larger surface area of the large fairing resulted in higher skin-
frictiondrag than the small fairing,which partiallyreducedthe large
fairing’s overall success in reducing drag. Tuft behavior suggested
that the position of the fairings also broke up the large-scale vor-
tices in the wake and forced smaller, less-powerfulvortices to form
behind the turret instead.

In a study on two-dimensional circular cylinders,1 a wedge-
shapedaft fairingwith a 2.1-diameterlength (placedalong the entire
span of the cylinder) produced a 39% drag reduction at a Reynolds
number of approximately 3 £ 105 . The maximum thickness of the
fairing was nearly the same as the cylinder diameter, but the simple
wedge con� guration was shorter and less streamlined than the large
fairing/turret con� guration in this study. This result highlights the
success of using longer, more streamlined fairings even though the
fairings were not as wide as the turret diameter. Even with three-
dimensional effects, the fairings in this study created greater drag
reductionsthan a two-dimensionalwedge-shapedfairing as thick as
the diameter of the cylinder it was placed behind.

The low-speed drag results from this study are of interest for
low-speed � ight of an aircraft with a turret installed. However, as
airspeed is increased past the point where sonic � ow appears at the
sides of the turret, the clean-turret drag coef� cient should show a
sharp increase. This characteristic was documented in the wind-
tunnel tests of the ALL turret, during which the wind-tunnel Mach
number ranged from 0.6 to 0.9. At Mach 0.6, the clean-turret drag
coef� cient was approximately 0.65, and it increased to 1.1 at Mach
0.9 (Ref. 3). In comparison, a clean-turret drag coef� cient of 0.56
at Mach 0.19 was found in this study (Fig. 13).

The criticalMachnumberfor a sphereis 0.57,abovewhichshocks
begin to form at the sides of the sphere and drag increases sharply.9

Thus, the � ow around the ALL turret was most likely critical at
Mach 0.6, which could explain the 16% higher drag coef� cient
measured for the ALL (at Mach 0.6) vs the drag coef� cient for the
turret model (at Mach 0.19). However, even at transonic airspeeds,
a fairing placed behind the ALL turret was capable of reducing
the baseline drag coef� cient by 30%. This suggests that the fair-
ings tested in this study would probably provide considerabledrag
reduction also at transonic speeds.

Stability Properties

The side-force coef� cients for each of the four drag-reduction
con� gurations are shown in Fig. 14. For each con� guration, a rota-
tion into the wind resulted in a force proportionalto the angle of ro-
tation.The constantof proportionalityvariedfor each con� guration;
the larger or less streamlined shapes produced higher side-force co-
ef� cientsat a given sideslipangle.Thus, theworst con� guration(the
one thatproducedthehighestside forces)was the large splitterplate,
followed by the small splitter plate, large fairing, and small fairing.

The nonlinear yaw-moment results were not quite as intuitive as
those for the side-force coef� cient, however. As the trailing edge of
each fairing or splitter plate was rotated into the wind, the expected
result was a restoring yaw moment that tended to weathervane the
con� guration parallel with the freestream. In stability terms, this
would translate into a positiveCn vs b slope. The splitter plates had
positive Cn vs b slopes, as expected, but the fairings had negative

Fig. 14 Side-force coef� cients.

Fig. 15 Yaw-moment coef� cients.

(destabilizing) Cn vs b slopes. Instead of aligning the fairing/turret
con� gurationwith the freestream,Fig. 15 indicatesthatboth fairings
tended to rotate further into the wind when placedat a sideslip angle
up to §5 deg. The stability data and tuft photographs collected
during this part of the study suggest that the destabilizingmoments
occurredas a result of the small sideslipangles tested.The following
discussion highlights a possible cause for this phenomenon, but
additional testing is needed to verify this or any other such cause.

At sideslip angles of 5 deg and less, no portionof the fairingswas
visible beyond the frontal pro� le of the turret, and the destabilizing
yaw moments possibly occurred as a result of the fairings acting as
liftingbodies.The � ow� eld surroundingthe rotatedfairingsinduced
a pressure differential between the sides of the fairings. At small
angles, this pressure differentialwas apparently responsible for the
destabilizingyaw moments. This destabilizingphenomenondid not
occur with the splitter plates, though.

If the turret were rotated beyond 5 deg, the fairings would begin
to be visible to the freestream � ow and more likely resemble bluff
bodies and weathervanetoward smaller sideslip angles. Safety con-
cerns limited additional testing at larger sideslip angles because the
fairingand splitterplate cantileveredmountingsystem was sensitive
to lateral forces and twisting moments.

Effects of Testing Methods

Trip Strips

During the � ow-visualization phase, tufts were placed almost
exclusively along one side of the turret, fairings, and small splitter
plate to facilitate viewing with still and high-speed video cameras.
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Once the � rst fairingwas attachedto the turret,however,a signi� cant
amount of � ow asymmetry was noted behind the turret. Tufts along
the topof the fairingindicateda strong� ow from the cleansideof the
fairing to the tufted side. In this con� guration, the tufts introduced
� ow� eld interferenceand caused early separationon the tufted side
of the turret. However, � ow stayed attached to the clean side of the
turret for a longer distance and crossed over the centerline of the
fairing.

A trip strip added to the clean side of the turret producedsymmet-
ric � ow behind the turret for the remainder of the � ow visualization
study. A 1.3-cm- (0.5-in.-) wide strip of duct tape served as the trip
strip, and it ran between the base and top of the turret. The leading
edgeof the strip was placedapproximately100 deg from the front of
the turret to avoid increasing the pro� le area of the turret. Although
the � ow was already turbulent on reaching the trip strip (at higher
tunnel velocities), the trip strip induced enough roughness to cause
earlier separation from the otherwise smooth surface of the turret.
The strip, therefore, matched the effective disturbances caused by
the tufts on the tufted side of the turret.

When force data were taken in this study, the tufts were removed
and an identical trip strip was placed opposite the existing trip strip.
This con� guration allowed the force data to correlate as closely as
possiblewith the conditionsshown in the tuft photos.The difference
in drag (the main parameter measured) was small between the runs
with trip strips installed or removed. The maximum change in drag
was 4% at a velocity of approximately 44 m/s (144 ft/s), but the
difference became negligible at higher velocities.

Cavity Opening

A 0.48-cm ( 3
16

-in.) gap between the turret and surrounding cover
plate was designed to allow for de� ection of the turret and force
measurement by the load-cell unit. Such a gap would not exist on
the actual testbedaircraft,however,and the effectsof havingan open
cavity beneath the turret model were investigated.To test the closed
cavity, � ber tape was applied between the turret and cover plate on
the undersideof each. Enough slack was left in the tape to allow for
de� ections similar to those encountered in earlier runs. Modeling
clay was placed in the remaining groove around the turret to create
a surface � ush with the ground plane. The clean turret was tested
in this con� guration by observingoil � ows and recording force and
pressure data.

At the highest tunnel speeds tested, the closed con� gurationdrag
was 3% less than that with the cavity open, and the difference was
less at lower tunnel speeds. The stiffness of the tape and the model-
ing clay may have reduced the de� ection of the turret and the mea-
sured drag. Also, there were no discernible � ow differences noted
in the oil distributionsof the turret side � ow between the open- and
closed-cavitycon� gurations.Withno major � ow differencesor drag
variations between the open- and closed-cavity con� gurations, the
impact on the results of this study was minimal.

Error Analysis

The drag and pressure coef� cients were analyzed to determine
the level of uncertainty inherent in their � nal results. The drag co-
ef� cient only required knowledge of the drag force on the turret
and the static pressure differencebetween atmospheric and the tun-
nel test section. Similarly, the pressure coef� cient only needed two
pressure readings: the pressuredifferencebetween the pressure taps
and atmospheric pressure and the same test-section pressure mea-
surement used for the drag coef� cient. The uncertainty in each of
these readings and the sensitivityof the various coef� cients to each
reading were determined to give the total estimated uncertainties
shown in Fig. 16. Methods similar to those given by Holman and
Gajda10 were used.

High levels of uncertainty existed at lower tunnel speeds to an
extent that the differences in drag between the clean-turretand both
splitterplate con� gurationswere suspect;however,at higher speeds,
the uncertaintyfor each con� gurationwas containedin narrower er-
ror bands. Neither fairing con� guration showed an uncertainty that
would change the results signi� cantly in relationship to the clean
turret. The load-cell unit had a 0.45 N (0.1-lbf) error.4 At the lower

Fig. 16 Drag coef� cient uncertainty.

tunnelvelocities,drag forceswere on the orderof 4.45 N (1 lbf), and
large errors resulted.The drag forces increased tenfold on the clean-
turret and splitter plate con� gurations at higher velocities, resulting
in a signi� cant error reduction. When the fairings were attached,
however, their success in reducing drag kept the measured drag
levels near the range of low resolution for the load-cell unit. Unfor-
tunately, the need to support the weight of the fairings and splitter
plates in the cantilevered testing arrangement prohibited switching
to weaker load cells with higher precision.

The results of the error analysis for the pressure coef� cient data
indicatedthat errorbandsfor thepressuredatawere containedwithin
the plot symbols for each data point. The automated pressure mea-
surement system produced error levels of approximately 0.5% for
each pressure tap.

Conclusions
This study characterized the � ow� eld around a turret model and

determinedthe drag reductionwith the additionof splitterplatesand
fairings to the turret that met the viewing requirements of the laser.
The three-dimensional� ow over the turret was driven by dominant
top vortices that shed from the top of the turret and interacted with
the vortices shed from the turret sides. This process formed a large
low-pressure wake of vortices behind the turret that acted on the
turret in the form of pressure drag. The splitter plates were not able
to reduce the strength of the top vortices and only provided drag
reductions of less than 10%.

The small fairing had a cross section that � t inside the separation
region and did not change the separation point signi� cantly from
that of the unmodi� ed turret. Nevertheless, this fairing reduced the
baseline turret drag coef� cient by 49%, but the � ow quality near
the turret was not signi� cantly better than that of the clean-turret
or splitter plate con� gurations. Also, the small fairing reduced the
unobstructed� eld of regard by 30 deg over that of the splitter plate.

The large fairing was the most successful in reducing drag, re-
sulting in a 55% drag coef� cient reduction over the clean turret, but
it reduced the unobstructed � eld of regard by an additional 30 deg
over that of the small fairing. Flow also remained attached over
most of the turret when the large fairing was attached, and the ob-
served � ow quality was much higher than any other con� guration
tested. Tufts, oil � ow, and tuft-on-a-wire tests gave qualitative im-
ages of well-behaved � ow in all areas, except a very small region
near the turret/fairing junction. Clearly, the large fairing sacri� ced
laser � eld of regard in exchange for reduced separation and greater
drag reduction.

References
1Hoerner, S. F., Fluid-Dynamic Drag, self-published, Midland Park, NJ,

1965.
2Mullane,R. M., “An Experimental InvestigationofMethodsofSuppress-

ing the Unsteady Torque Exerted on the Upper Turning Mirror of an Air-
craft Mounted Coelostat Turret,” M.S. Thesis, AFIT/GAE/AE/75J-6, Dept.



376 SNYDER, FRANKE, AND MASQUELIER

of AeroMechanical Engineering, Air Force Inst. of Technology, Wright–
Patterson AFB, OH, June 1975.

3Walterick, R. E., and Van Kuren, J. T., “Wind TunnelTests of Fairings for
an On-Gimbal Telescope Turret,” Air Force Flight Dynamics Lab., AFFDL-
TM-75-177 FXM, Wright–Patterson AFB, OH, Nov. 1975.

4King, B. W., “Fluctuating Wind Forces Measured on a Bluff Body
Extending from a Cavity,” M.S. Thesis, AFIT/GAE/ENY/89D-19, Dept.
of Aeronautics and Astronautics, Air Force Inst. of Technology, Wright–
Patterson AFB, OH, Dec. 1989.

5Snyder, C. H., “Wind Tunnel Testing for Drag Reduction of an Aircraft
Laser Turret,” M.S. Thesis, AFIT/GAE/ENY/98J-02, Dept. of Aeronautics
and Astronautics, Air Force Inst. of Technology, Wright–Patterson AFB,

OH, June 1998.
6Rae, W. H., Jr., and Pope, A., Low-Speed Wind Tunnel Testing, 2nd ed.,

Wiley, New York, 1984, p. 371.
7Yang, W.-J., Handbook of Flow Visualization, Taylor and Francis, Ann

Arbor, MI, 1989, p. 93.
8Belik, L., “The Secondary Flow AboutCircular Cylinders MountedNor-

mal to a Flat Plate,” The Aeronautical Quarterly, Vol. 24, Feb. 1973, pp. 47–

54.
9Shapiro, A. H., The Dynamics and Thermodynamics of Compressible

Fluid Flow, Vol. 1, Ronald, New York, 1953, p. 410.
10Holman, J. P., and Gajda, W. J., Jr., ExperimentalMethodsforEngineers

5th ed., McGraw–Hill, New York, 1989, p. 41.


