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ABSTRACT

Free-flight tests of a large-scale lifting-body configuration, the X-38 aircraft, were conducted
using tufts to characterize the flow on the aft end, specifically in the inboard region of the vertical
fins. Pressure data was collected on the fins and base. Flow direction and movement were correlated
with surface pressure and flight condition. The X-38 was conceived to be a rescue vehicle for
the International Space Station. The vehicle shape was derived from the U.S. Air Force X-24
lifting body. Free-flight tests of the X-38 configuration were conducted at the NASA Dryden Flight
Research Center at Edwards Air Force Base, California from 1997 to 2001.

NOMENCLATURE
Cp drag coefficient
Cp base base drag coefficient
Ci. fin fin rolling-moment coefficient
Ch.base base yawing-moment coefficient
Cy, fin fin yawing-moment coefficient
Cp surface pressure coefficient
G, zero sideslip rolling-moment coefficient
Cno zero sideslip yawing-moment coefficient
t time, sec
TP1 test point 1
TP2 test point 2
X axial distance, in
y lateral distance, in
y/y* ratio of perpendicular distance from leading edge to primary vortex separation line
Z vertical distance, in
o angle of attack, deg
B angle of sideslip, deg
o deflection angle, deg
() roll angle, deg



INTRODUCTION

Many large-scale lifting body configurations have been flight tested over the past several
decades. The majority were tested by NASA and the U.S. Air Force at Edwards Air Force Base,
California. Several notable examples include the M2-F3 (Northrop Aircraft, Huntington Beach,
California), the X-24A (Martin Aircraft Company, Baltimore, Maryland), and the HL-10 (Northrop
Aircraft, Huntington Beach, California) lifting bodies (refs. 1-4) as shown in figure 1. Some of
these configurations have displayed unusual behavior, such as poor lateral-directional stability and
control, attributed largely to the aft end flow. Specifically, the flow on and between the vertical
fins and its interaction with the base flow accounted for most of these unwanted characteristics.
These configurations were modified to include a center fin on the M2-F2 (became M2-F3) and a
leading-edge droop on the outer fins of the HL-10 to eliminate the unwanted behaviors.

More recently (ending in 2001), large-scale free-flight tests of the X-38 vehicle were
conducted at Edwards AFB by the NASA Johnson Space Center (JSC) and Dryden Flight Research
Center (DFRC). The outer mold line of the X-38 was derived largely from the X-24A lifting
body shape. The test article, designated V131R (Scaled Composites, Mojave, California), is an
80-percent scale uninhabited vehicle with control inputs preprogrammed prior to separation from
a B-52B (The Boeing Company, Chicago, Illinois) airplane in flight. The preprogrammed control
inputs included maneuvers to determine vehicle behavior in addition to basic aircraft control. It is

then recovered with a 5,500 ft2 steerable parafoil.

Design and testing of the X-38 vehicle was lead by JSC with contributions from several
other NASA Centers, the European Space Agency, and many other United States and European
companies (ref. 5). As seen in figure 2, a DFRC B-52B airplane was used to drop the large-scale
free-flight test vehicle over the test range. These flights revealed undesirable rolling and yawing
characteristics, demonstrated by an uncommanded roll occurring during the first flight of V131R.
During subsequent flights, it was desirable to characterize the flow on the aft end of the vehicle
to determine the cause of this behavior. Ultimately, tufts on the inboard side of the fins were
implemented and revealed a significant amount of information about the flow in this critical area.
In addition, sensors were placed on the fins and base to measure the static pressures. The flow
direction, movement, and differences from side to side were correlated with the pressure data and
flight condition. Tufts are one of the most simple flow visualization techniques, yet can be useful
in relatively harsh environments and complex tests.
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Figure 1. The X-24A, M2-F3, and HL-10 lifting bodies at the NASA Dryden Flight
Research Center.
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Figure 2. The X-38 at release from the B-52B bomber.



EXPERIMENTAL APPROACH

Large-scale flight tests have been essential to determining the aerodynamic characteristics of
lifting bodies at high Reynolds numbers. The X-38 was the latest lifting body program to undergo
large-scale free-flight test.

X-38 Drop Test Series

The X-38 test program included a series of large-scale free-flight tests with test vehicles of
increasing complexity. The final series of free-flight tests were conducted with V131R, which
essentially replicated the outer mold line and all the control surfaces of the proposed flight vehicle.
Figure 3 shows a three-view of the X-38 vehicle and figure 4 shows the X-38 (V131R) vehicle in
flight. Anomalies observed in the past, primarily poor lateral-directional stability, had been attributed
to aft end flow, specifically flow around and between the fins and the base, and interactions between
the two. Prior to the second flight of V131R, these areas were instrumented to obtain data to clarify
the specific flow characteristics with this vehicle. The instrumentation included tufting the inboard
fin surfaces and measuring surface static pressures on the inboard fins and base. Between flights 2
and 3, additional tufts were added on the fins and pressure locations were moved to better define
the flow field based on data obtained during flight 2.
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hatch \
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fin

/ Port fin
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Figure 3. Three-view drawing of the X-38 vehicle.
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Figure 4. The X-38 in flight.

Tufting and Camera System

The tufts were arranged in a layout that avoided the pressure port orifices and still allowed
for sufficient density and key locations to define the flow field. Shuttered video cameras (one for
each fin) were placed in the area of the docking hatch cover to record the tuft motions during flight.
The shutter speed was set to stop the movement of the tufts during each video frame. In addition to
the video and still frames extracted from the video, techniques were used to clarify the differences
between the port and starboard flows. As shown in figure 5, accurately measured benchmarks
allowed for some quantitative tuft displacement to be measured and also allowed for the overlay
of the fin images from the starboard and port sides, to determine the variation in flow between the
two sides.

Figure 5. Starboard, port, and overlay fin images prior to launch.



Fin Pressures

Fin surface pressures were measured during flight. A total of 25 pressures were measured
on the inboard surface of each fin. The placements of these pressures were determined from wind
tunnel and computational fluid dynamics (CFD) results for the expected flow field. In figure 6, an
example of oil flow results from an earlier wind tunnel test of the X-38 aircraft is shown. The fin
pressures were measured using electronically scanned pressure modules. These pressures were
referenced to a holding tank, fed by an appropriately sized orifice, which was measured with
an accurate absolute pressure transducer. Appropriately sized tubing (length and inside diameter)
balanced the pneumatic lag of the fin and base orifices resulting from the rapidly changing ambient
pressure (altitude decreasing rapidly results in ambient pressure increasing) (ref. 6).

The contribution of the fin aerodynamic loading to the overall yaw and rolling moments of
the vehicle were calculated using weighted areas and comparing pressures on the left and right
inboard fins. The locations of the pressure ports and reference areas are shown in figure 7. The fins
are canted 16° to the vertical axis.

Low energy area

Vortex separation
lines
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Figure 6. Example of wind tunnel oil flow over the port fin of an X-38 model.
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Figure 7. Fin orifice locations and load calculation areas.

Base Pressures

300
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Base pressures were measured during flight to determine the contribution of the base to the
yawing moment and to calculate base drag.

These pressures were measured with the same electronically scanned pressure units and
reference tank as those on the fins. The number of pressures on the base was much lower than on
the fins since high spatial resolution was not required on the base. The locations of the pressure
ports and reference areas for the base are shown in figure 8. The data concerning the contribution of
the base to overall vehicle yawing moment was desired, so the base was divided up into weighted
areas and the pressures integrated to determine the contribution.
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Figure 8. Base orifice locations and load calculation areas.

RESULTS AND DISCUSSION

The set of results from the third flight of the VI31R free-flight tests is the most complete,
and therefore is the basis of this report. Figure 9 shows the time history of the flight with regard
to angle of attack (« ), angle of sideslip (), and rudder and flap position (). Two sets of flap
doublets and rudder sweeps were performed to extract stability, control, and handling qualities
data. There were two periods of time identified when the vehicle was stabilized, not performing
large, preprogrammed control movements, and where 3 was close to zero. These two, short,
quasi-stabilized periods of time will be used to determine the steady-state flow conditions and the
component moment contributions. Test point 1 (TP1) is stabilized at ¢ =16° and test point 2 (TP2)

at o =18°.
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Figure 9. Flight conditions during flight 3 and test point periods.

General Flow Field of Lifting Body Configurations

The general flow field of a lifting body can be defined in terms of regions. The forebody
region behaves much like that of an ogive forebody or similar object at angle of attack (refs. 7,8).
Therefore, the incoming flow of the aft end likely has high angularity and some vorticity. The aft
end flow consists of the fin flow, the body flow between the fins, the base flow, and flows in and
around body flaps and control surfaces.

The fin flow behaves much like a highly swept lifting surface at high angles of attack. As
such, the flow field is vortex dominated, with the vorticity initiated from the leading edge or near
the leading edge. There are also significant areas of separated flow, recirculating regions, and dead
zones. The rudder flows are very similar to an aft control surface on a highly swept lifting surface
at high angles of attack.

The body flow between the fins is a transitioning zone from the body to the base and from
the fins to the body. It is a highly interacting region and, like the fins, contains areas of vorticity,
separated flow, recirculation, and dead zones. Unlike the fins, this region is not likely vortex
dominated, despite the presence of some vorticity.

The base is an area of low-pressure and highly separated flow. The low pressure across the
base is not necessarily uniform and can be a measurable contributor to the overall yawing moment
of the vehicle, especially considering the large area of the base in this case. The overall base
pressure appears bi-modal, favoring one side and then the other and can exhibit an oscillating
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behavior, like a von Karman sheet (ref. 9). Obviously, the low pressure and large area means that
the base is a large contributor to the vehicle drag. The flow behavior of the base is, to a large degree,
influenced by the incoming flow from the body, fins, and body flaps. Conversely, the base flow
likely affects the flow on the fins, especially in the root and base areas of the fins.

The body flaps are a very complex region because of the cavity flows, gap flows, and
interactions between the two flaps. The flap cavities are likely a large recirculation area that favors
one side depending on flap positions, vehicle orientation (such as sideslip angle), and possibly gap
flow. This may be one cause of the bi-modal behavior of the base.

Tufts

The tufts provide a good overall visual picture of the highly complex flow field on and in the
vicinity of the fins in dynamic flight conditions such as those experienced by the X-38 vehicle.
Information can be obtained from the video, both in real time and slow motion, from still frames
extracted from the video, and from enhanced video and frames. One enhancement method used
was the overlay of one fin image on the other. Examples of this are shown in figures 10 and 11,
for test points 1 and 2 respectively, on the far right. The white tufts are the starboard fin tufts
and the red tufts are the port fin tufts. The overlay of images was very useful for determining
flow differences between the two fins, especially during symmetric quasi-steady-state conditions.
Please note that the starboard fin time code has approximately a two second bias. The other main
enhancement technique was to extract and enlarge portions of images from frames at key times.
Other techniques include changes to contrast, edge enhancements, frame averaging, and other
common image processing methods.

Top line: Primary vortex separation line

Bottom line: Primary vortex re-attachment line

Figure 10. Starboard, port, and overlay fin images during test point 1.
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Bottom line: Primary vortex re-attachment line

Figure 11. Starboard, port, and overlay fin images during test point 2.

Fin Pressures

The surface pressures complement the tuft data and provide quantitative data on the
aerodynamic loads generated by the fins. The surface pressures for TP1 are shown in figure 12 and
for TP2 in figure 13. Though the pressure data was not as extensive as previous comprehensive
flight experiments, (refs. 10.11) the data is consistent with that in previous results. The suction
peaks are the result of the higher local flow velocities while the lower suction pressures are present
at the attachment and separation line. Though the tufts do not show any reversed flow, the pressure
data suggests lower velocity flows near the fin root.
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Figure 12. Fin pressure coefficients for Figure 13. Fin pressure coefficients for
test point 1. test point 2.
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A major challenge was determining the cause of a net yaw and roll bias of the vehicle. The fins
were considered the most likely suspect followed by the base (including flap coves). Asymmetric
flow between the port and starboard fins would be a probable cause of both the yaw and roll bias.
The tuft data reveals subtle differences between the port and starboard fins. The pressure data also
reveals significant differences between port and starboard pressure coefficients. Most noticeable
are at the vortex suction peak near y/y* = 0.5 (cut O and cut 1) and 0.7 (cut 2). The data for both
test points indicate the starboard fin is producing a higher net suction, and therefore lift, than that of
the port fin. Enlarged views of the fin overlay, shown in figures 14 and 15, for TP1 and TP2 show
that the starboard fin (white tufts) separation line is further toward the root than that of the port fin
(red tufts). This implies that the area of attached accelerating flow, and therefore suction, is larger
for the starboard fin. It is also consistent with a somewhat stronger primary vortex on the starboard
fin, which would lead to increased overall suction. The tuft data indicates a potential mechanism of
increased overall suction of the starboard fin.

060002 ' - o 060093

Figure 14. Enlarged overlay near port UO at test Figure 15. Enlarged overlay near port UO at test
point 1. point 2.

Figure 16 shows the fin contribution to overall vehicle yawing moment (C,,) and rolling
moment (Cy). The fins contribute a significant and predictable level of yaw and rolling moment
based on vehicle sideslip angle, but the magnitude is not sufficient to account for the overall bias
(Cp, ~0.004:C; ~—0.0015). It was estimated that geometric airframe asymmetries accounted
for approximately half of the C,, bias.
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Figure 16. Fin induced rolling and yawing moment coefficients.

Base Pressures

The base pressures confirm a large region of low pressure, the center of which alternates from
one side to the other, apparently being triggered by upstream flow or by the flap coves. The overall
base fluctuates at approximately 1 Hz.

Static pressures in the base were used to calculate base driven yawing moments and base
drag. The yawing moment contribution of the base, as shown in figure 17, is, at times, adding to
the yawing moment of the fins and at other times, is reducing it. The base drag was calculated
as approximately Cp p,q =0.38, significantly higher than previously tested lifting body
configurations, and attributed to the large base area (ref. 4).
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Figure 17. Base and fin induced yawing moment.

CONCLUDING REMARKS

A series of free-flight tests were conducted on a large-scale model of a proposed crew rescue
vehicle, the X-38. These tests revealed some undesirable lateral-directional vehicle behavior
reminiscent of that seen in early flight tests of large-scale lifting bodies. These behaviors were
attributed largely to aft end flow. Testing continued after instrumenting the appropriate areas of the
aft end of the test vehicle; including tufting the inboard surfaces of the fins, installing cameras to
record the tufts, and installing surface pressure ports on the fins and base. The test results revealed
a significant amount of information about the flow at the aft end of the vehicle. The results did not
reveal a single cause (“smoking gun”) for the undesirable behavior observed, but showed that it
likely resulted from a complex interacting flow field. The fins are dominated by vortex flows with
large suction peaks. The low pressure base has a bi-stable center of pressure that changes sides
because of an inconclusive triggering mechanism and fluctuates at approximately 1 Hz.

Mechanical tufts combined with surface static pressures are a relatively simple and
straightforward technique to diagnose a flow field, even in flight.

14
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