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Background and Overview

This research began as an effort to validate just one aspect of a 50-year-old VTOL
concept. However, there were some surprises along the way that turned the project in
a new direction.

Origins of the Arc Winq:

W. R. Bertelsen created the Arcopter VTOL concept in the 1950’s. The objective
was to design a vertical takeoff vehicle which retains the speed and simplicity of a fixed-
wing aircraft. The first step was to maximize the propeller and minimize the wing, a
formula that usually results in an aerial “hot rod” with a long takeoff roll.

But at that point, the design departed from conventionality: The wing was curved
into a spanwise arc, and fitted with cascading flaps, to capture and deflect the
slipstream of the prop, using the absolute minimum of surface area and structure. A
diagram to identify the various Arcopter system elements appears in the next slide.
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4-Place Arcopter VTOL Concept, Flaps Extended, Whee Is Down

1. 12 Ft. Span Rigid Arc Wing*
- 2. Slotted Flap A
3. Slotted Flap B
4. Main Wing Spar and Fairing, locus of C.G.
5. Rear-Mounted, Twin Piston Engines,
300 HP (each), Central Fuel Tank
6. Horizontal Canard Control Surfaces
7. Forward Rudder
8. 14 Ft. Dual-Rotating Propeller, Variable

Pitch

&
\l
00)

*The arc is the most efficient shape to deflect the circular propeller slipstream. 3
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Early Arc Wing Studies

The original Arcopter concept featured twin engines with centerline thrust and engine-
out capability: The powertrain was configured so that either engine would drive both
coaxial props via overriding clutches. The flaps were intended to retract by rotating at the
tips, nesting into the upright main arc wing for high-speed cruise. By locating the engines
in the rear, a balance about the wing spar was established, so that the forward horizontal
planes could provide pitch and roll control without having to do any heavy lifting. Bathed
in the slipstream of the prop, the canard surfaces remain effective in hover.

The first opportunity for a serious design study of the Arcopter concept came in 1982 at
the University of lllinois at Urbana, when son W. D. Bertelsen joined a team of UIUC
Aerospace students to enter the AIAA/Bendix design competition.

The objective that year was to design a 400-kt utility VTOL with a 3,000 Ib. payload.
W. D. Bertelsen proposed a scaled-up version of the Arcopter to meet the challenge. It
would be a twin-turbine machine with a 25-foot wing span and a 25-foot-diameter, dual-
rotating propeller. A static model of the UIUC VTOL entry appears in the next slide.
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1982 UIUC (Bendix) VTOL 3-D Static Model, Flaps Ext ended

This is a mockup of the WDB Arcopter concept for the
1982 UIUC Bendix entry, showing cascading slotted
flap deployment and dual-rotating props.
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Related NASA Research

L essons of History:

As the UIUC team set to work, they knew that history was not on their side: None of the
NASA experiments with the deflected slipstream approach to vertical flight were successful.
However, NASA tests had all involved craft with conventional, planar wings, equipped with
large-chord flaps. The best of the straight-winged efforts was the Ryan VZ-3RY, which can
be seen in the next slide. It suffered from pitch trim problems and pitch instability. As the
flaps were retracted, the resultant force vector migrated forward of the C.G., making the
airplane tail heavy. At low speeds, with flaps extended and the stick fixed, the aircraft was
unstable. It exhibited a pitch-up tendency with increasing angle of attack that strained the
limits of the jet reaction control in the tail, especially at low power settings.

The prototype VZ-3RY had to be rebuilt in 1960 after crashing into San Francisco Bay. It
was said that test pilot Glen Stinnet ran out of nose-down control, and the aircraft pitched up
inverted, whereupon Stinnet was forced to eject. At issue for the UIUC Bendix design effort
was whether the Arcopter might also encounter those same pitch problems.
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Ryan VZ3RY Deflected Slipstream Research Aircraft-- 1958

This design suffered from pitch trim problems and stick-fixed angle-of-attack instability
below 25 knots. 7
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Early Arc Wing Studies (cont.)

The Transition Pitch Trim Issue:

There were concerns that the Arcopter might suffer the same transition pitch trim
problems as did the VZ-3RY. But on a free-body diagram, it becomes apparent that the
arc wing and flap system acts as an aerodynamic lens, focusing the lift and drag forces
precisely on a stationary point which is at the center of the flap rotation arc. Because the
cascading arc-wing flap elements must retract in a radial fashion to nest in the main wing,
the system resultant vector always passes through the stationary focal point during
transition. The “bottom line” is that the Arcopter will not incur the diving moments that
upset the trim of the straight-winged VZ-3RY. The next slide presents the vector diagram
for the Arcopter system.
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Arcopter Theory

ARC WING FORCE FOCUS

How Arcopter flaps can be deployed without generating a large diving moment. 9
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Early Arc Wing Studies (cont.)

Additional Challenges:

The vector diagram addressed the transition pitch trim issue, but two other critical issues
remained.:

(1) whether or not the arc wing system would be unstable in pitch like the VZ-3RY,

(2) whether or not the arc wing system could provide sufficient lift for vertical
takeoff and hover.

Arc Wing Lift Tests:

The lift issue was confronted first. It was resolved by direct measurement, using an electric-

powered scale model with vacuum-molded polyethylene wing elements. The model
appears in the next two slides.

10
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24” Span Electric Model with Arc Wing and Two Slott  ed Flaps

This model was used to
measure the Arcopter
Lift/Thrust ratio for the
1982 UIUC Bendix
proposal.
11
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24" Electric Model--Two Views

These pictures show the Arcopter centerline thrust and double slotted flap arrangement. Span
and propeller diameter was 24 inches. Coaxial 2-blade props were dual-rotating. The airfoil

for both wing and flaps was the upper contour of the NACA 63,-615.
12
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Early Arc Wing Studies (cont.)

The effectiveness of the wing was assessed by comparing the total lift (out of ground
effect) with the measured static thrust of the propeller. Two series of tests were run, one
with deployment of a double flap and one with deployment of a single flap. The data were
then graphed to determine how the inclination of the thrust axis (nose-up angle) affected
the “thrust recovery”, the decimal fraction of propeller thrust converted into lift by the
competing arc wing configurations. A thrust recovery of 0.70 would mean that a given wing
setup developed a lift component with a magnitude corresponding to 70% of the propeller
static thrust.

The results of the thrust recovery tests appear in the next slide.

13
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Early Arc Wing Studies (cont.)

The thrust-recovery tests showed that, with a nose-up attitude of 30° the double-flap arc
wing system could convert 72% of the available propeller thrust into vertical lift. The system
with just one flap performed better, attaining a thrust recovery of 81% for the same pitch
attitude. According to the graph, thrust recovery could approach 90%, if the thrust axis was
further inclined to 50° These data bolstered the case for the UIUC VTOL.

But in spite of the valiant efforts of the UIUC design team, which included getting the
hard data on arc wing lifting efficiency, the Arcopter proposal did not win the 1982
AlAA/Bendix competition. Nor did the team receive any feedback from the reviewers. The
Arcopter concept languished for the next 22 years.

The Pitch Stability Issue:

While the UIUC effort represented the most in-depth study of the Arcopter concept up to
that point, it lacked basic information on the stability characteristics of the arc wing. Given
the serious pitch instability troubles encountered by the VZ-3RY, it seemed advisable to
devise a pitch test for the arc wing, a test that would at least address the issue of static
stability. In the Spring of 2004, W. D. Bertelsen assembled a test apparatus to evaluate one
of the original 24-inch-span plastic wing elements from the UIUC lift tests. Pictures of the
setup appear in the next series of slides.

15
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Single-Element Arc Wing Pitch Tests, March 2004

The wing tips are clamped to a free-
rotating, tubular spar to determine the

Note counterweights on wingtips to make pitch trim point. Slipstream velocity was
the wing gravity-neutral approximately 20 feet/second. 16
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Arc Wing Pitch Tests, March 2004

Experimental Method:

The essence of the experiment was to clamp the wing tips to a tubular spar, and then
allowing the wing/spar assembly to rotate freely in the slipstream of a 30-inch-diameter
pedestal fan. By this means, the wing could be seen to assume a stable equilibrium (or
not). If so, it was then possible to determine the stable angle of attack (trim point), using
the center-section airfoil chord line as the reference.

The variable of interest was the point of attachment between the arc wing and the
rotating spar. As can be seen in the previous slide, the wing could be shifted incrementally
with respect to the rotating spar between tests. The objective of the experiment was to
determine to what extent small fore/aft shifts might affect the trim point, the angle at which
the wing stabilized. The angle of incidence with respect to the fan shaft axis was
measured with a dial meter, which is shown in the next slide.

17
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Angle of Attack Indicator

For the pitch experiments, an
orange indicator needle was
clamped to the free-rotating
spar to display the trim point
angle of attack. The needle
was set parallel to the center-
section airfoil chord line before
each test run. The needle
indicates +8°in this example.
The solid reference lines
denote -20° 0° +45° and
+90° respectively.

18
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Arc Wing Pitch Tests, March 2004 (cont.)

The first few tests showed that the arc wing had static pitch stability in the breeze of the
fan. The wing was able to recover in a robust manner when perturbed by external forces.
Moreover, the angle at which the wing stabilized could be varied by shifting the wing with
respect to the pitch axis, as defined by the center of the rotating spar. The magnitude of
the shift was defined as the distance between the pivot point (at the center of the wing
spar) and the geometric center of the wing tip chord (marked by a dashed line).

An arbitrary sign convention was imposed, such that shifts of the dashed centerline aft
of the pivot point would be designated as positive. Conversely, if the wing were shifted so
far forward that the geometric center of the tip chord was actually ahead of the pivot point,
the amount of the forward displacement would be designated as negative.

The preliminary tests revealed that the wing stabilized at progressively higher angles of
attack as it was shifted forward. After the first series, the original wingtip reinforcing plates
were replaced with longer plates, so that the wing could be shifted further aft to explore
stability at lower angles of attack. The modified setup is shown in the next slide.

19
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Detail View of Modified Wing Tips, +3.75-Inch Stati  on

Installation of extended tip reinforcing plates and yarn tufts. 20
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Arc Wing Pitch Tests, March 2004 (cont.)

The next series of slides shows the progressively higher angles of incidence that
resulted as the wing was shifted forward from an initial +3.75 inch (aft) displacement. All
photos were taken with the fan on, although the camera flash and shutter speed made the
blades appear stationary.

Unexpected Behavior:

There were two unexpected developments that came to light during this series: First of
all, the tufts on the wing continued to indicate attached flow, even as the center-section
angle of incidence reached +36° Most conventional planar wings stall as the angle of
attack approaches +18°

Secondly, as the arc wing was shifted forward to the point where the dashed centerline
coincided with the center of the wing spar (the 0.00 inch station), two trim points were
discovered: the one mentioned above with attached flow (+369, and another with
separated flow (+629. In other words, the wing wo uld stabilize with zero pitching moment
at +36°with attached flow. But if perturbed beyon d +40°by an external force, the flow
would separate, and the wing would re-stabilize with zero pitching moment at +62° This
drag-dominated force balance could be called “parachute mode”.

21
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24" Single-Element Arc Wing Pitch Test, +5°

Note: Fan is on.

Here the wing is mounted
+3.75 inches aft with respect
to the pitch axis.

The fan is 30 inches in diameter and the wingspan is 24 inches. The wing is
counterweighted to make it gravity-neutral. Fan-on stable angle is about +5°

22
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24" Single-Element Arc Wing Pitch Test, +20°

Wing shifted forward to the +1.5-inch station. Tufts indicate attached flow. 23
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24” Single-Element Arc Wing Pitch Test, +36°

Note: Fan is on. At this station,
the pitch axis passes through the
geometric center of the wing tip
chord.

Wing has been shifted further forward to the 0.00-inch station. The wing is
stabilized at +36° Discovery: The tufts continue to indicate attached flow.

24
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24" Single-Element Arc Wing Pitch Test, +62°

Discovery of the second trim point at the 0.00-inch station. This was evidently
a drag-dominated force balance. Tufts indicate separated flow. 25
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Arc Wing Pitch Tests, March 2004 (cont.)

Video Documentation:

The following slide sequence contains embedded movies of the arc wing pitch tests.
The film clips document the static stability of the wing at stations which produced trim
points at progressively higher angles of attack. The last clip in the series shows the test at
the -0.25 inch station which resulted in a trim point with separated flow of +72°

Note: This presentation was created on a Macintosh using Office for Mac 2001. To view
the movies on a Windows PC, it will be necessary to exit PowerPoint and launch the
Windows Media Player.

26
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Arc Wing Pitch Stability, Angle of Attack +5°

Note: To play this movie on a Windows PC, exit PowerPoint and use

2428 Windows Media Player. This is movie #2428. ”7
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Arc Wing Pitch Stability, Angle of Attack +20°

Note: To play this movie on a Windows PC, exit PowerPoint and use

1855 Windows Media Player. This is movie #1855.
28
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Arc Wing Pitch Stability, Angle of Attack +55°and +33°

1737 Note: To play this movie on a Windows PC, exit PowerPoint and use
Windows Media Player. This is movie #1737. 29
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Arc Wing Pitch Stability, Angle of Attack +36°and +62°

Note: To play this movie on a Windows PC, exit PowerPoint and

1810 use Windows Media Player. This is movie #1810. 20
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Arc Wing Pitch Stability, Angle of Attack +72°

Note: To play this movie on a Windows PC, exit PowerPoint and
use Windows Media Player. This is movie #1829.

1829 31
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Single-Element Arc Wing Pitch Trim Point Progressio n

attached flow attached flow attached flow separated flow

+5° +20° +36° +62°

This series of photos (all with fan on) demonstrates that the angle at which the arc wing
stabilizes can be controlled by shifting the wing a short distance fore and aft with respect to
the tubular spar that serves as the pitch axis.

32



Aeromobilecom

Arc Wing Pitch Tests, March 2004 (cont.)

Graphical Presentation of Data:

The test results were compiled in terms of wing position vs. trim point and plotted. The
graph appears in the next slide. Trim points with attached flow are indicated with blue
markers, and trim points with separated flow (parachute mode) are indicated with red
markers. There is a gap in the data, since testing the wing at stations between +1.50
inches and +3.00 inches would have required drilling holes through the leading-edge D-
section (nose) of the tip airfoil.

Note: When viewing the graph, it is important to recognize that each data point
represents the wing in a state of stable equilibrium, with a zero pitching moment.

33
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Trim Point Angle of Attack vs. Wing Location

34
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Arc Wing Pitch Tests, March 2004 (cont.)

Arc Wing Active Incidence (AWAI) Control:

The correspondence of wing position and trim point suggested the possibility of
developing a control system based on a manipulation of the force balance underpinning the
wing'’s static pitch stability. The pitch experiment had shown that by shifting the wing fore
and aft through a distance corresponding to about 1/3 of the center-section wing chord
length, the stable angle of incidence could be varied throughout a fairly broad range, from
+5°to +72° This was accomplished without the use of motors to tilt the wing. Therefore, if
the wing were mounted on ball-bearing slides to enable rapid, continuous shifts,
aerodynamic forces alone might be relied upon to drive it to the desired angle. Bonus: It
would all be done without transferring any diving moments to the airframe. On a full-size
aircraft the pilot would have the option to lock the tilt bearings, once the wing attained an
incidence optimizing the aircraft for a particular flight regime, such as takeoff or cruise.

It was decided to incorporate a prototype active-incidence control system into the same
24-inch-span arc wing model in order to evaluate its effectiveness on the test stand. The
mini-ball-bearing slides at the heart of the prototype system appear in the next slide. A 6-
inch steel rule provides a size reference.

35
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Mini Ball Bearing Slides

These devices provided the means for rapid, continuous wing shifts
on the revised 24-inch span arc wing pitch test apparatus .

36
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Arc Wing Active Incidence Tests, December 2004

The next three slides show the shift mechanism installed on the test model. A push-
pull tube attached to a scissors linkage makes it possible for an operator to shift the wing
remotely. Note the rigid tip plates that support the ball-bearing slides. The tip plates are
anchored to the tubular wing spar and rotate with the spar whenever the yoke (tilt)
bearings are unlocked. The total range of wing-shift motion is 4.00 inches, with the
dashed reference line at the geometric center of the tip chord moving from 3.75 inches
behind the pivot point (full aft) to 0.25 inches ahead of the pivot point (full forward).

37
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Arc Wing Test Model with Remote Shift Mechanism

Push-pull tube attached to scissors linkage activates the wing shift. 38



Aeromobilecom

Arc Wing Slide Control-- Wing Full Aft

39
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Arc Wing Slide Control-- Wing Full Forward

40
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Arc Wing Active Incidence Tests, December 2004 (con t.)

It should be mentioned at this point that, on a full-size aircraft, wing shifting would be
done with individual electrical or hydraulic actuators mounted within each tip plate. A short-
span arc wing made of carbon fiber composite could be made sufficiently rigid, so as to
eliminate the need for the secondary aluminum strip spar, which on the model, serves to
transfer actuator force to the wing.

The next slide shows the model installed in the test apparatus, sans counterweights. This
time, the model was suspended on its side to neutralize the effect of gravity on the wing.
The operator could manipulate the push-pull tube from below, remaining out of the
slipstream of the fan. The tubular wing spar was once again unlocked, free to rotate within
the plywood yoke bearings.

If the fan had been a bit more powerful, the experiment could have been done with the
model in an upright position. On a full-scale aircraft, with takeoff slipstream velocity, the arc
wing could easily erect itself, without the help of counterweights.

41
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Prototype AWAI System on Test Stand

Wing shifted full aft for cruise configuration. 42
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Arc Wing Active Incidence Tests, December 2004 (con t.)

Video Documentation:

The next two slides contain embedded movies of the incidence control system in
operation. Each video clip was shot from a different angle. A major objective was to
demonstrate that the wing can be made to recover from a full stall with a small aft shift.

Note: This presentation was created on a Macintosh using Office for Mac 2001. To view
the movies on a Windows PC, it will be necessary to exit PowerPoint and launch the
Windows Media Player.

43
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Test of Arc Wing Active Incidence Control System

Side View

3999 Note: To play this movie on a Windows PC, exit PowerPoint and use

Windows Media Player. This is movie #3222. 44
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Test of Arc Wing Active Incidence Control System

Overhead View

Note: To play this movie on a Windows PC, exit PowerPoint and use

3264  windows Media Player. This is movie #3264. 45
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Conclusions from 2004 Pitch Tests

The arc wing has inherent pitch stability about a lateral axis that joins the wingtips.

The angle at which the wing stabilizes can be controlled by shifting the wing fore and
aft with respect to the pivot point.

The range of selectable stable pitch angles extends from +5°to +72°
The wing remains stable in pitch, even when flow has completely separated.

Unexpected result: The arc wing seems to have the capability of maintaining attached
flow at angles of attack as high as +36°

The wing-slide tests showed that aerodynamic forces can be exploited to manipulate
the wing for possible short takeoff and/or high maneuverability, without transferring
any pitching/diving moments to the airframe (AWAI system).

The AWAI system can effect a full recovery of the wing from a deep stall, so that the
wing might safely be used as a speed/dive brake.

46
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Aircraft Design

Advanced General Aviation Aircraft:

While the original, 1957 Arcopter concept embodied a VTOL craft with three arc wing
elements (a main wing with two flaps), the results of the 2004 pitch experiments make a
strong case for first building an STOL prototype with just a single, short-span arc wing.
The mechanics would be simpler, and if the wing could be made so that its weight is a
small fraction of the overall airframe weight, there is the potential for short (jump) takeoffs,
high speed cruise, and extreme maneuverability, all at a reasonable cost.

The following slides contain profile sketches of a prototype arc wing aircraft for general
aviation. It would be a 3 to 4-place STOL with a 14-foot-diameter, dual-rotating prop and a
12-foot wingspan. Canard planes provide low-speed attitude control. It is basically a “light
twin”, with rear-mounted 300 HP engines to keep the C.G. near the wing spar. Either
engine would drive both propellers via overriding clutches to insure engine-out capability.
Cruise speed should be at least 300 kts. The sketches illustrate how the wing could be
shifted in flight to do things a conventional airplane can’t do. Note the spatial relation
between shifting wing and stationary spar, reproduced exactly as per the actual test model.

47
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Advanced General Aviation Aircraft--Takeoff Mode

Arc wing at +36°incidence for short takeoff and climb. 48
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Advanced General Aviation Aircraft--Cruise Mode

Arc wing at low incidence for 300 kt cruise.

49
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Advanced General Aviation Aircraft--Air Braking Mod e

Arc wing at +60°incidence for rapid deceleration a nd/or steep descent.
50
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Advanced General Aviation Aircraft--Landing Rollout Mode

51
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Hover / Vertical Climb Mode

Note chin windshield for
forward visibility at high angles of attack.

52
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Project Status and Future Work

Status of the Arcopter Project:

The groundwork is being laid for the engineering and construction of an arc wing
V/STOL research aircraft. Accomplishments to date include the successful
resolution of the following critical issues:

1. Pitch trim in transition flight.
2.  Thrust-to-lift conversion efficiency.
3.  Static pitch stability.

Future Work:

Wind tunnel tests and/or CFD analyses of the arc wi  ng are needed for
optimization of the prototype design.
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